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Abstract 
 
Structure and Electrochemical Properties of Holographically Polymerized 
Polymer Electrolyte Membranes for Lithium Batteries 
Derrick Smith 
Advisor: Christopher Y. Li 
 
 
 
 
 With the increasing demand for mobile technology, the next generation of 
power storage devices must be realized. The insertion-type electrodes typically 
used in commercially available secondary batteries have low capacitances; for 
instance, a graphitic anode has a theoretical specific capacitance of 372 mAhg-1. 
The most promising route to increasing the energy density is by switching the 
anode to Li metal, which has a specific capacitance of 3860 mAhg-1, and using 
stabilizing additives for the latter. However, Li metal experiences unacceptable 
Li dendritic failure at consumer operating conditions. Polymer electrolyte 
membranes (PEMs) have been explored over the past four decades to address 
this; however, a suitable material has not yet been found to address this failure 
mechanism prohibiting commercialization. 
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 In this dissertation, we demonstrate using holographic polymerization 
induced phase separation as a facile top-down technique to nanostructure the 
PEM and exploit the long-range phase separation offered by this technique to 
decouple the mechanical and ion transport properties. Isotropically floodlit 
samples were used as a baseline to examine the nanostructuring effect. For 
example, with 30% electrolyte, the baseline isotropic samples showed a room 
temperature conductivity and tensile modulus of 1.5 x 10-6 S/cm and 156 MPa, 
where the 1D lamellar patterned PEMs boasted an impressive improvement to 
both properties, 2.0 x 10-5 S/cm and 618 MPa. The nanostructuring and 
mechanical enhancemet effects regarding Li metal and dendritic growth were 
also observed using galvanostatic polarization. It was found that there was a 
tradeoff between certain nanostructure geometries that increased the current 
density and the mechanical enhancement provided by said nanostructures. Two 
nanostructures exhibited a 100-150 fold increase in cell lifetime before dendritic 
failure over the predicted lifetime based on Chazalviez’s model. This top-down 
nanostructuring technique also uniquely offers a new exciting platform for 
exploring other structure-property relationships in electrochemical membranes.
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Chapter 1  Introduction 
1.1   Motivation 
 Energy has been an increasing topic of conversation the past few decades, 
especially with irrefutable evidence that CO2 emissions have exponentially 
increased since the mid-1700s, notably around the time James Watt patented his 
steam engine1.  Figure 1.1 shows a breakdown of the cause of these greenhouse 
emissions in 2000, with energy as the leading source. 
 A major obstacle of incorporating renewable energy sources into large-
scale use is that by definition, renewable sources are not something we can dial 
up and down every hour according to energy needs.  For instance, wind energy 
can only be collected and used when it is windy, and solar energy can only be 
generated when it is sunny; energy storage comes into play to help distribute the 
energy in appropriate quantities during the times needed.  MacKay1 published a 
book in 2008 regarding the power consumptions of England, specifically where 
the energy was coming from, where sustainable energy could replace those 
sources, and what was drawing the energy needs.  He found that approximately 
32% of the energy was used to heat and cool buildings, 32% for transportation, 
split almost evenly between road and air vehicles, and 14% for electrical devices.  
The remaining portion used is because of energy conversion losses. 
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Figure 1.1 Breakdown of world’s greenhouse gas emissions in 2000 
organized by cause and gas.1 
 There are many ways of storing energy, ranging from gravitational mass 
storage where water, for instance, is pumped to higher elevations, to compressed 
gasses, to fuel cells, to electrochemical batteries.  Unfortunately, 60% of energy 
consumption cannot be practically charged using these storage methods because 
of the inherent mobile nature of the devices.  This leaves us with a smaller list of 
possibilities with batteries far outweighing the competition for most applications. 
 Batteries generally fall into two categories: single-use batteries including 
zinc-manganese dioxide, and rechargeable including nickel-cadmium, lead-acid 
and alkaline gel electrolytes2, which have been showing exponential interest with 
advancing technology and personal gadgets.  Single-use batteries have higher 
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power densities and lower conversion losses; however, they frail in comparison 
to rechargeable batteries in overall energy cost to fabricate versus lifetime 
energy, as well as consumer convenience. 
 Lithium ion batteries have been a large focus for developers the past 20 
years because of their light-weight characteristics and high electrochemical 
reduction potential.  In the United States, one of the leading industries that often 
create affordable and cost effective devices or parts from the unparalleled 
consumer demand where other industries cannot is the automotive business.  
Since in England, and probably higher in the U.S, the ground transportation is 
16% of all energy consumption, then it would greatly benefit society if an 
alternative to fossil fuels was used in conjunction with a battery-type storage 
device.  Unfortunately, one of the major drawbacks to the most promising 
lithium ion batteries is they are unsafe at elevated temperatures and can easily 
catch on fire or explode under the wrong operating conditions that are 
commonly found in automobiles and planes.3 
 Batteries with polymer-based electrolyte separators have been extensively 
researched since 1973, when Fenton et al launched a study of polymer based 
electrolytes4.  Conventional gel batteries lack the compatible material properties 
for high density Li metal anodes, and it is expected that polymer based 
electrolytes could meet this criteria. The purpose of engineering better batteries 
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with higher power densities, longer life cycles, and higher power outputs is to 
implement a wider range of energy sources, including sustainable energy 
resources, into already existing devices commonly used by society.  Additionally, 
polymer electrolytes can eliminate the use of volatile solvents, increasing 
operation safety and enabling higher temperature applications. While many 
researchers have exhibited repeatable characteristics of electrolytes, membranes 
and cathode systems, the fundamentals interactions between electrolytes and 
specifically Li metal anodes during ionic diffusion are not well understood, 
especially the role nanostructures play in affecting the macro-properties of ionic 
diffusion. 
1.2   Objective 
 The objective of this research is to devise a well-controlled nanostructure 
with long-range order to quantitatively investigate the structure-property 
relationship in polymer electrolyte membranes (PEMs), specifically their ionic 
conductivity, mechanical properties, solid electrolyte interphase (SEI) stability, 
and lithium dendrite inhibition, for lithium metal batteries. These solid polymer 
electrolyte membranes can also find applications in other energy devices such as 
supercapacitors and photovoltaics. 
1.3  Contribution 
 This thesis is divided into 10 chapters.  Chapter 2 illustrates the most 
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recent and promising works regarding battery membrane improvements for 
cyclability, as well as the understandings the scientific community has on ionic 
conductivity and mechanical properties as it relates to Li metal cells.  Chapter 3 
discusses holographic polymerization and why it is well suited for this goal.  
Chapter 4 presents the materials and methods.  Chapter 5-8 explores the 
physical, mechanical and ionic flux characterizations, and outlines SEI stability 
and dendritic inhibition properties of each of the four types of nanostructured 
PEMs employed. Chapter 9 demonstrates and discusses the scalability of this 
technique. Finally, the results and future outlooks are summarized in Chapter 10. 
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Chapter 2  State of the Art and Challenges for Polymer 
Electrolyte Membranes for Lithium Batteries 
2.1  Current Battery Technologies 
 Lithium metal batteries have been extensively studied since the late 1970s, 
but due to the dangerous and failure-inducing formation of lithium dendrites at 
the anode during cycling, alternative approaches were investigated. In 1978 and 
1980 Murphy et al.5 and Lazzari et al.6 demonstrated in the lab that using 
intercalation materials, namely rutile oxides as the cathode with LixTiS2 as the 
anode, with lithium ions pre-loaded in the assembly materials are much safer 
and drastically help reduce the kinetics of lithium dendrite formation, for which 
a scheme is shown in Figure 2.1. Initially called rocking chair batteries, these 
insertion-based topochemical cells are now known as the consumer-familiar term 
Li-ion batteries, and typically use various types of Li(Ni Mn Co V)Ox oxides as 
the cathode, and graphite, amorphous carbon, or Li4Ti5O12 as the anode. These 
cells typically consist of a gel-type separator membrane, whose various 
configurations can be seen in Figure 2.3. 
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Figure 2.1 – Scheme of Li ion battery.7 
 
Figure 2.2 - Schematic showing various cell assembly configurations: 
cylindrical (a), coin (b), prismatic (c) and flat (d).3 
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 The membrane and electrode materials have evolved over the past 3 
decades. Most commercial anodes today consist of mostly carbon, usually of 
graphite. Graphite uniquely has a very modest volume change of 12% when 
lithiated to its LiC6 form; combining this with its inherent sheet-like structure and 
lubricative properties, graphite is an excellent material for insertion and 
desertion cyclability.3, 8 The caveat when using an insertion anode material like 
graphite, however, is that the capacitance is significantly decreased when 
compared to Li metal: Li metal has a theoretical specific capacity of 3862 mAhg-1, 
whilst graphite’s specific capacity is 372 mAhg-1. Unfortunately, lithium metal 
anodes tend to exhibit drastically increased lithium dendrite growth kinetics 
when compared to graphite; a scheme of Li dendritic failure is shown in Figure 
2.2 
 
Figure 2.3 - Scheme of using Li dendrite formation on Li metal (a), and 
using an intercalation anode material.3 
 This is where solid polymer electrolytes (SPE), or more broadly referred to 
in literature as polymer electrolyte membranes (PEMs), come into play. It has 
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been proposed through simulation that if the shear modulus of the PEM is 
increased to ~6 GPa, Li dendrite growth can be inhibited completely.9 However, 
the application-based limiting factor is to maintain the ability for reasonable 
current densities, corresponding to cell power densities, the membrane must 
have a high ionic conductivity to allow for low potentials to reach these current 
densities. All batteries will have an overpotential, which is directly proportional 
to the internal resistance of the cell, but an overpotential of 1 V, for example, is 
generally too high for practical use. Figure 2.4 shows a typical overpotential 
profile of a battery’s charge-discharge cycle. The internal resistance of the cell is 
usually comprised of the bulk electrolyte conductivity, and the interface 
resistances between the anode and PEM, and cathode and PEM. Disregarding the 
interface resistances for simple estimates, the relationship between the required 
overpotential and ionic conductivity is: 
    
 
   
 EQUATION 2.1 
where   is the current density in Acm-2,   is the separator thickness, and   is the 
cross-sectional area of the battery. Using a 20 mV overpotential, a 1.0 mAcm-2 
current density, and a membrane thickness of 20 µm, the conductivity of the 
membrane must be 10-4 S/cm. Realistically, the interfacial resistances, often 
referred to as the solid electrolyte interphase (SEI) resistance, is often as large or 
larger than the bulk resistance. Since there is no exact definition of a minimum 
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overpotential required, the ratio of bulk to SEI resistances and Li+ transference 
number can significantly vary from system to system, 10-3 to 10-4 is used as an 
initial characterization guideline for a minimum conductivity in a polymeric 
electrolyte for use in Li metal cells. When characterizing the viability of PEMs for 
use, the conductivity is an unyielding requirement to consider. 
 
Figure 2.4 - Typical overpotential profile of charge-discharge cycles over 
the lifetime of a battery.10 
2.2  Approaches for Enhancing Mechanical and Ion Transport 
Properties 
 The first polymeric electrolyte was with sodium and potassium salts in 
poly(ethylene oxide) (PEO) in 1973.4 Since then, there have been many different 
types of systems investigated to push the limits of the mechanical and ionic 
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properties forward.2, 3, 6, 11-18 While the salts, processing conditions, various 
additives and scaffolding materials have varied over the years, the most 
researched cation is Li+, due to its large electrochemical potential, and the most 
researched ionic conducting medium, PEO, generally has not changed. PEO is an 
excellent solvent for lithium ions due to: its flexibility from a low Tg; strong 
electron donor characteristics for good solubility; optimal heteroatom spacing 
with the -C2H4O- to facilitate Li salt dissociation and stable salt complexation. 
The phase diagram for LiTFSI and PEO, and a scheme of their conduction 
mechanism are shown in Figure 2.5. It was first shown using NMR that the ions 
in the amorphous regions contributed to the bulk ionic conductivity for solid 
polymer electrolytes.19 In the amorphous region, the Li+ cation complexes with 
four to five ether oxygens in the PEO backbone. During Li+ diffusion, both the 
entire complex can transport, or the Li+ can hop along the PEO chains via 
segmental motion, whose continuous rearrangement breaks and reforms the 
coordination bonds. 
Despite showing great promise even 40 years ago, at room temperature, 
which is the desired temperature for most consumer-based applications, the 
conductivity is too low for use, and the mechanical properties are not high 
enough to inhibit dendrite formations. Using PEO, and generally all polymers 
used as a Li ion solution, there is a general tradeoff between increasing 
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mechanical properties and ion transport; as the solid solvent is made more 
viscous, while the mechanical properties increase, it makes it more difficult for 
the ions to diffuse. The key to solving this intertwined relationship is to decouple 
these two properties. 
 
Figure 2.5 - Phase diagram of LiTFSI and PEO (a),20 and scheme of Li+ 
segmental motion with PEO (b).21 
There are many approaches to creating a PEM system that address this 
property tradeoff, for which the highly focused ones are mapped out in the 
bottom half of Figure 2.6, where the top half show methods to prohibit Li 
dendrite nucleaction, which will be discussed in the next section. This list is not 
exhaustive. Some unique or exotic approaches that will not be talked about in 
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length here are: geometrically coating coating the anode with graphite,22-24 cation 
doping SEI layer for electrostatic shielding,25 electrospinning,26-29 thermal induced 
phase separation (TIPS),30-32 and using ceramic scaffolds such as TiO2 nanotube 
forests,33 hollow SiO2 spheres,34 and alumina and anodized alumina (AAO) both 
for mechanical properties and potential membrane anisotropy.35-39 This section 
will largely focus on the approaches that attempt to tackle decoupling the 
mechanical-conductivity relationship. 
 
Figure 2.6- Map of approaches to decouple ion transport and mechanical 
properties in Polymer Electrolyte Membranes (PEMs).  
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2.3.1  Block-co-Polymers 
 PEO blends are able to modestly increase the mechanical properties while 
only having a minor reduction in ionic transport properties;40-45 however, since 
the Flory-Huggins χ parameter required to properly blend a conductive and 
mechanical type polymer together is low, the mechanical polymer tends to also 
solvate the salt, which in effect acts as a plasticizer and compromises its 
mechanical benefit.44 To increase χ, block-co-polymers (BCPs) have been 
demonstrated as an elegant solution to decouple the mechanical and ion 
transport properties to a great degree.46-68 The most widely studied systems have 
been variations of polystyrene-ethylene oxide (PS-EO or SEO), which was first 
demonstrated as a viable candidate in 1987.47 The basic concept for this is to 
exploit the natural phase separation from two immiscible blocks, and use one 
(PS) for mechanical support, and the other (PEO) for the salt solvating and ion 
transport matrix. The resulting morphology from the BCP phase separation can 
be tuned by varying the Mw and volume fractions of the blocks, as depicted in 
Figure 2.7. Triblock copolymers based on SEO have also been studied, which 
generally result in more complicated phase structures.69-71 
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Figure 2.7 – Scheme of various phases (a) phase diagram for linear AB 
diblock copolymers comparing theory (b) and experiment (c) showing 
sphyrics (s), cylindrical (c), gyroid (G), lamellar (L) and a metastable 
phase (PL).72, 73 
 Most recently, Balsara et. al has published a series of papers detailing the 
efficacy of SEO for PEMs.54-60  Some of their notable contributions for rigorous 
characterization of the system is shown in Figure 2.8, proving that the LiTFSI is 
exclusively in the PEO domain of the BCP, showing that different structures can 
be dialed by modifying the temperature, demonstrating various d-spacings by 
tuning the Mw, and the effect of Mw on the conductivity of the BCP electrolytes. 
They also demonstrated a clear trend of modulus versus charge transfer before 
dendritic failure (Cd) in Li-PEM-Li symmetric cells, shown in Figure 2.9, 
supporting the mechanical modulus model for Li dendrite growth inhibition. 
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Figure 2.8 - Chemical structure and lamellae thicknesses (a) from 
EFTEM maps (b) of LiTFSI-SEO 74-98k Mw composite electrolytes.74 
SAXS at various temperatures for 3.3-4.6k Mw SEO (C),56 TEM of SEO 
40-54k Mw (D), and conductivity at various temperatures for different 
Mw of the PEO block.  
 It has been further demonstrated that SEO can be used for all solid-state 
batteries. A Li metal battery cycling data is shown in Figure 2.9 with high 
coulombic efficiencies. This work has proven that SEO can work high 
temperature batteries with exceptionally high coulombic efficiencies of >99.2%. 
Note that due to the BCP low conductivity, membrane thicknesses must be very 
thin, generally 30 µm or less, and even still the resulting overpotential must be 
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quite high compared to liquid electrolytes. Room temperature applications are 
far from reach. One potential cause of this SEO system is the lack of long-range 
order, and resulting ion transport frustration at the grain boundaries, whose 
effect has not been investigated thoroughly in these systems. 
 
Figure 2.9 – Li symmetric cell cycling performance at 90°C for SEO and 
PEO versus modulus (a)63 and capacitance and coulombic efficiency of a 
Li-SEO-LiFePO4 battery (b).66 
To circumvent the lack of long-range order in BCPs, the PS phase has been 
exchanged with liquid crystals (LC) to form BCPs that can be aligned with 
magnetic fields, shown in Figure 2.10.75-81 The long-range ordered structure effect 
on conductivity can be observed unambiguously, indicating long-range order 
could offer a solution to their relatively low conductivities. Here, a 6 T magnetic 
field at room temperature introduced ionic conductivity anisotropies of 810 
below the smectic-isotropic transition, with isotropic behavior above the 
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transition. However, in these systems, the difficult processing condition of 
annealing under a high magnetic field for one to two days is not realistic 
constraint for mass production. While showing proof of concept, a more feasible 
way to align a BCP with both a high ionic conductivity and a robust load bearing 
blocks must be developed. 
 
Figure 2.10 - Scheme of LC BCP (a), the molecular makeup of the BCP 
system (b), and conductivity versus temperature showing temperature-
dependent anisotropy given rise to by structure. 76 
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2.3.2  Flexible Cross-linked Networks 
 Crosslinked PEO was first introduced in 1986 to significantly increase the 
mechanical properties of the PEM, especially at elevated temperatures, with only 
a modest decrease in conductivity.82, 83 The decade following only a handful of 
papers were published, of which focused mostly on slight variances to the 
backbone and processing techniques, such as electron beam irradiation.84-88 The 
next few years, focus shifted towards finding appropriate both small molecule 
and chain-end plasticizers to exploit the mechanical enhancement supplied by 
the crosslinked network, and increase the mechanical properties.88-93 After this, 
the focus largely diverged into such topics as looking at mesh size effects,94 
ceramic filler influences on mechanical properties,95-97 and hyperbranching 
networks.98 
 While these many exotic approaches provided benefits in their own rights, 
it wasn’t shown until more recently that using a network with two 
fundamentally different backbones – one ionically conducting and another super 
flexible for plasticizing effects – seems to be a very promising approach to 
solving the conductivity issue.99, 100 Walker et. al used a PDMS-PEO hybrid 
crosslinked network to create PEMs with excellent room temperature 
conductivities approaching 30°C, as shown in Figure 2.11. Despite losing volume 
fraction of ionically conducting PEO, the crosslinking eliminated PEO 
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crystallization, and the super flexible PDMS backbone allowed for an increase in 
PEO segmental motion, and overall the ionic conductivity was increased. The 
modulus is still relatively low in this system compared to BCPs; however, due to 
the crosslinking, the tensile strength is likely to be quite high compared to other 
PEMs. 
 
Figure 2.11 – Molecules used to form crosslinked PEO and PEO-PDMS 
network (a) and resulting conductivities with various loadings of 
LiTFSI.99 
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Figure 2.12 - Conductivity of PE-PEO network with varying weights of 
PEG plasticizer (a), and resulting Li-PEM-Li symmetric cell cycling 
short circuit times (b). Inset on bottom shows PE-PEO network structure 
(blue and red), LiTFSI (purple) and the plasticizer (green).  
Khurana et. al most recently synthesized a PE-PEO hybrid network 
structure with a low Mw PEG plasticizer to increase the overall conductivity at 
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room temperature.100 The membranes with higher conductivities were cycled in a 
Li symmetric cell setup to isolate and study the Li dendrite growth kinetics. 
Remarkably, the Cd, or charge transferred before dendritic failure, was higher 
than many of its BCP competitors, despite having a significantly lower shear 
modulus. In fact, at 90°C the shear modulus is 3 orders of magnitude lower than 
the BCPs with the highest Cd values, yet at three times as high current densities J 
= 0.5 mAcm-2 versus 0.17 mAcm-2 for BCPs, the crosslinked network out-
performed the BCPs by nearly an order of magnitude. This is clear evidence that 
perhaps the modulus plays a fundamentally different role in crosslinked PEMs, 
since the crosslinked PEMs both provide a network highly resistant to 
mechanical creep, as well as frustrating micron-sized Li dendrite structures from 
growing and penetrating through the bulk. 
More recently, Pan et. al demonstrated the potential for network PEMS 
using a POSS-PEG framework with various Mw of PEO and molar ratios of 
POSS to PEO.101 The membrane with the best combination of conductivity and 
mechanical properties exhibited 6 x10-4 S/cm and 30 MPa at 90°C, respectively, 
shown in Figure 2.13 (red line). With comparable mechanical properties to TiO2 
SEO BCPs, the conductivity is four times higher, and boasted impressive Cd 
values of 1587 and 2182 C/cm2 for current densities of 1.0 and 0.5 mA/cm2, 
respectively, and did not short after 2808 C/cm2 at 0.3 mA/cm2. This is the first 
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report of a high modulus PEM with sufficient ionic conductivity to cycle at harsh 
current densities, and is inline with the proposed modulus effect on Li 
deposition surface roughening. 
 
Figure 2.13 – Storage modulus of POSS-PEO crosslinked network versus 
temperature using 3-point bending DMA (a), conductivity of 
corresponding networks versus temperature (b), scheme of different 
network structures (c), and Cd values for each network versus current 
density (d).101 
Although the basic concept of the gel-type electrolytes commonly used in 
commercial Li-ion batteries we use today largely spun off of the network-
plasticizer systems investigated 20-30 years ago, many opportunities still exist to 
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study different network structures and non-PEO backbone chemistry and 
rigidity to optimize the formulation for PEMs to inhibit Li dendrite growth. 
Particularly, there is a disjoint between room temperature applications and 
commonly reported characterization and testing procedures, which are usually 
around 90°C. The next generation of crosslinked networks should aim to address 
this. 
2.3.3  Ceramic Fillers 
 Ceramic fillers were first demonstrated as viable for enhancing the 
mechanical properties of PEMs in 1982 using ~50 µm alumina powder.102 Over 
the next 15 years, there is a lull in the literature, as particle synthesis techniques 
allowed for smaller and smaller particle sizes.103, 104 Finally, in 1998, it was first 
demonstrated that nanoparticles could not only be used as mechanical additives, 
which was the original intent, but simultaneously contained the potential to 
increase the ionic conductivity as well.105 For instance, TiO2 not only frustrated 
PEO crystallization, which inherently leads to higher room temperature 
conductivities, but even disregarding this phenomena, the NPs increased the 
conductivity by 1.5 orders of magnitude, as shown in Figure 2.14. This led to a 
burst in publications over the next 15 years, where various particles were 
investigated, including alumina,95, 97, 106-109 titania,65, 95, 106, 109-112 silica,106, 110, 113-117 
25 
 
clay,96, 118-120 BaTiO3,96 cellulose,121-123 POSS,101 124-128 and Sb2O3.129 One of the greatest 
appeals to using NPs is they can facilely be dumped into existing systems with 
already promising properties, such as crosslinked networks96 and BCPs,65 and in 
some cases, using the NPs themselves as network crosslinking agents.101, 115, 122  
 
Figure 2.14 - Conductivity plot versus 1000/T showing TiO2 and Al2O3 
enhancements to a LiClO4 PEO electrolyte.105 
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Figure 2.15 - Proposed mechanism for NP surface interaction with Li salt 
PEO electrolyte.107 
 The work following led to many contradictory results; in some cases, 
ignoring the case of overloading the system with a high volume fraction of NPs, 
the NPs increased the conductivity,95, 96, 105-107, 110-112, 114, 119, 129-132 in some there was 
relatively no change,96, 122 and in a few, the conductivity was actually decreased.65, 
96, 120, 123 The underlying mechanism proposed that can reasonably explain this 
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ambiguity is shown in Figure 2.15. Namely, the NP surface plays an intricate role 
with the matrix in that it forms a Lewis acid and base complex with the polar 
PEO chains, anion and cation.107 Thus, depending on the NP chemistry, the 
effects can greatly vary. According to this model, the ideal surface chemistry is 
acidic, where the NP competes with the complexation tendency of the PEO and 
anion with the Li+ cation. This then makes the Li+ “less sticky” to the PEO 
segment, requiring less overal PEO reptation for the Li+ diffusion. To validate 
this model, Li+ transference numbers were measured between the three different 
types of surface chemistries, where the Li+ transference number describes the 
fraction of charge transfer by the Li+ ion. Indeed, the transference number was 
highest for the acidic surface, then neutral, then lowest was basic. 
 The NP size effect was also investigated using TiO2, and it was generally 
found that the systems with the highest NP surface to volume ratio had the 
greatest influence on the PEM systems.112, 133 However, when going to sizes less 
than 50 nm, it generally becomes greatly difficult to repeatedly well-disperse, 
which has the opposite effect on the NP surface to volume ratio. The major 
difficulty in implementing the NP effect on PEMs lies in the lack of dispersion for 
very low NP sizes. However, there are two potentially enormous benefits to 
adding NPs to a system: NPs can increase the conductivity by an order of 
magnitude or more, and the Li+ transference number increases, meaning the 
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charge flux as it pertains to Li metal batteries is further increased, allowing for 
more modest overall conductivities to be acceptable for use. 
2.3.4  Mixed Salts 
 Ionic liquids (IL) are simply salts in the molten state at room temperature, 
typically comprised of relatively bulky molecules with delocalized charges. In 
the mid-1990s, the use of ILs were investigated as a solvent-free additives to 
chemically stabilize the Li metal-PEM interface.134, 135 Later on it was realized that 
not only did some ILs exhibit reasonable stability with Li metal, but they also 
had the potential to significantly increase the conductivity of PEMs, and a slew of 
Li-IL systems were reported over the next decade. 26, 136-177 The typical response in 
the system was a generous increase to conductivity, as shown in Figure 2.16. 
While the conductivity can easily reach the 10-4 – 10-3 S/cm benchmark with the IL 
additive, there are two critical problems with these systems. Firstly, the 
mechanical properties of the membranes are likely to greatly suffer, since the IL 
will effectively act as a plasticizer: adding 50 wt% of liquid will essentially turn 
the PEM into a gel, which counteracts its “additive” benefits. The bigger 
problem, however, is the effect on the Li+t number when the system is overloaded 
with IL to artificially generate high conductivities. Typically Li salts exhibit Li+ 
values of ~0.2-0.3 due to the higher mobility of the anion.23, 103, 105, 106, 112, 115 In Li ion 
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and Li metal batteries, the Li+ flux is the critical component and is the reason why 
we measure conductivity in the first place as an engineering parameter to 
predetermine PEM feasibility. By adding highly mobile cations, the Li+ values 
plummet to unreasonably low values, often 0.02– 0.07 for systems whose ionic 
conductivity significantly improved.138, 143, 145, 146, 148, 157 In some cases, the addition 
of ILs was demonstrated to increase the mobility of the Li+ ions, but the volume 
offset to charge carrier density effectively reduces the overall Li+ flux in the 
system.  
 
Figure 2.16 - Conductivity versus temperature of P(EO)20-LiTFSI with 
various additions of IL (a), and corresponding measured Li +t numbers.174 
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Figure 2.17 - Mixed salt effect on conductivity for P(EO)12 (top) and 
P(EO)6 (bottom) PS-PEO BCPs, where in SOx-y, x = 
[LiTFSI]/([LiTFSI]+[LiCLO4]).178 
PEO-Alkali salt blends have been investigated as early as 1995,179 but it wasn’t 
until 2005 when Li salt blends were formally investigated for Li metal battery 
applications.180 Due to the widely limited number of Li salts viable for Li ion and 
Li metal applications, there have not been many subsequent reports of mixed Li 
salts.178 However, in both cases two beneficial effects were observed: that mixing 
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the anions introduced a complexation competition that reduced increased the 
mobility of the Li+ cation, and the same competition more greatly frustrated the 
PEO crystallization, particularly of the EO6:Li crystal complex typically seen in 
PEO-LiTFSI systems. This is most clearly seen in the bottom of Figure 2.17, which 
further increased the conductivity at room temperature. While a more limited 
scope of work remains in this focused direction, due to lack of new Li salts, 
mixing salts could be a viable approach to providing modest conductivity 
improvements to existing systems. 
2.3.5  Single-ion Conductors 
 Two proposed issues with using bi-ion conductors traditionally used in Li 
ion and Li metal systems are: after cell polarization, the anions tend to 
agglomerate at the anode, reducing the Li+ supply to the system, reducing the 
d.c. conductivity.181 This increases cell resistance due to polarization, which 
requires higher potentials, energy and time to recharge the system,182 and 
because the anions agglomerate at the anode, the anions are often the majority 
makeup of the solid electrolyte interphase (SEI) passivating layer at the PEM-Li 
metal contact, which have a tendency to degrade during cycling, decreasing the 
coloumbic efficiencies.183 In addition, it has been proposed that shortly after the 
anion population is polarized and anode agglomerations form, Li dendrites 
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nucleate.184-190 The major advantages to switching to a single-ion conductor are 
fixing these two proposed issues related to SEI instabilities. Typically, a single 
ion conductor has the anion group anchored to the polymer matrix via covalent 
bonding, severely limiting its mobility and inhibiting cell polarization. Because 
the Li+t numbers in these membranes are typically > 0.98, the required 
conductivity is approximately one fourth of that of a normal bi-ion conductor 
with Li+t ~ 0.25; however, with the absence of the plasticizing effects of the 
anions, the conductivities in these systems are often exceptionally low.181, 191 To 
combat these low conductivies, five general approaches were implemented in the 
1990s and 2000s: highly flexible backbones,192-194 comb-like182, 183, 195-198 and 
crosslinked199-202 polymers to reduce crystallization, adding plasticizers,203-206 and 
polymerizing ionic liquids.207-209 It has also been demonstrated that the 
Li2(PF6)2PEO24 crystalline complex is effectively a single ion conductor; however, 
the conductivies, again, are too low for use.210-212  Pseudo-single ion conductors 
with Li+t > 0.60, but increased conductivities have also been explored. The walls 
of an inverse PS scaffold made from an SiO2 colloidal template was 
functionalized with sulfonyl(phenylsulfonyl)imide to delocalize the charge in the 
electrolyte to form a pseudo-single ion conductor.213 Li salts with low anion 
mobilities214 and ceramic fillers117, 215 have also been used to make pseudo-single 
ion conductors, with relatively decent conductivies, though it is not clear how 
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well these pseudo-single ion conductors will solve the cell polarization problems. 
BCP structuring has also been used to structure the single ion transport, and was 
demonstrated to have a minimal capacitance fade after 80 cycles, supporting the 
theory behind single-ion conductors.216  
 Electrochemical stability with V versus Li+/Li is typically ~4 - 5 V for most 
PEM systems, which can introduce potential battery cycling complications, 
especially for PEMs with lower conductivies that force higher overpotentials for 
charging. Additionally, the electrochemical stability is critical for faster charging 
rates, which inherently result in higher overpotentials. For proof of concept, a 
single ion conductor with one of the best electrochemical stability reported in 
literature is shown in Figure 2.18, which is a bis(oxalate) borate anion anchored 
system. This single ion conductor shows stabilities of up to 7 V, with somewhat 
low maximum conductivity of 2.3 x 10-6 S/cm at 25°C, considering the 
conductance is only provided by the Li+ ions.217 While low conductivities is 
generally still a problem, in addition to the anion polarization suppression, it has 
been clearly shown that demobilizing the anion improves cell electrochemical 
stability without introducing a large amount of additives and/or plasticizers that 
inherently have a drastic effect on the mechanical properties. 
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Figure 2.18 - Arrhenius plot of polymerized bis(oxalate) borate single 
ion conductor synthesized at slightly different molar ratios of PAA, 
H3BO3, LiOH and H2C2O4 (a) and corresponding voltammograms (b).217 
2.4  Additives to Stabilize SEI 
 In addition to decoupling the ion transport and mechanical properties, a 
parallel research field has been focused on understanding the electrolyte 
degradation mechanisms and SEI formation to inhibit Li dendrite nucleation. 
LiTFSI was first investigated in the early 1990s, and it was found that the TFSI- 
35 
 
anion exhibited high mobilities, and increased the overall conductance of the 
polymeric electrolyte when compared to other salts, such as LiClO4, LiCF3SO3, 
LiSCN, and LiPF6.20, 218-220 This was due to the TFSI- being relatively large, and 
having a delocalized charge, dually reducing the ion-hopping energy required 
for lithium transport, and plasticizing the PEO matrix.221 Early on, TFSI- was seen 
as an excellent candidate due to its higher conductivity and apparent superior 
electrochemical stability versus other Li salts.86 However, after further 
investigations over the 25 years since, it is now well understood that the TFSI- 
anion degrades in the presence of Li metal and an electric field over longer time 
frames to form a semi-stable SEI with generally low resistances and mechanical 
stability.222 Over many cell cycles, even a small amount of electrolyte degradation 
can lead to noticeably decreased coloumbic efficiencies, which greatly reduces 
the cell lifetime, and thus SEI stability is critical. This degradation often usually 
leads to an inhomogeneous SEI layer, which allows for Li dendrite nucleation in 
areas of instability and higher Li+ deposition rates. To combat this, a whole sub-
field of battery additives evolved. 
 Other than only small fraction of papers in the past few years,36, 38, 100, 136, 223, 
224 nearly all of the battery additive reports have focused their efforts on the Li 
ion insertion materials, or shuttle cock batteries, where most commonly a 
graphitic anode is used with gel or liquid separator with the biggest challenge 
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here being that the decomposed molecules tend to intercalate into the graphite.225 
It is well understood that the SEI is a thin passivating film that forms at the 
contact interface between the PEM and Li metal, made up of components from, 
or degraded components of, the electrolyte. For instance, two common 
degradation mechanism in ethylene carbonate (EC), are shown in Figure 2.19, 
where the type (I) reaction generates more gaseous products, and type (II) 
generates less gaseous products, thus making type (II) a much more stable SEI 
formation.226 
 
Figure 2.19 - Scheme of ethylene carbonate (EC) degradation 
mechanisms to form SEI.226 
Despite the electrode differences, we can borrow the concepts from these 
investigations to apply to Li metal batteries. This discussion is not intended to be 
a comprehensive review or exhaustive to the types of additives explored in Li-
ion batteries; however, most of these additives potentially applicable to Li metal 
can be broken up into 4 categories based on their mechanism and function: 
polymerization, reduction, reaction, and SEI morphology modifier.226 Some of the 
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additives can overlap in categories, as well. Salt stabilizer additives are also used, 
but they greatly depend on both the composition of PEM and electrodes, which 
will not be discussed in-depth here. Generally speaking, the goal of these 
additives is to encourage a mechanically stable, compact, uniform and thin SEI 
film with high Li+ diffusion. Examples of each of these molecules that will be 
mentioned in this section can be seen in Figure 2.20. 
Reduction type additives electrochemically reduce prior to the 
degradation of the electrolyte, degrading to an insoluble solid product, and 
effectively coat a thin film on the surface of the Li metal. This way, the 
composition of the SEI can be greatly controlled to be of a desirable material with 
mechanical stability and high Li+ diffusion. One of the most commonly used 
reduction additives in recent literature, especially with LiS batteries, is LiNO3,223, 
224, 227-230 which has been shown to increase the Li3N content in the SEI, which 
exhibits very high conductivities of ~1 mScm-2.231 Reduction type molecules such 
as succinic anhydride,232 ethylene sulfite,233-235 propylene sulfite,234 and 
dimethylacetamide236 have been shown to offer improvement as well. 
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Figure 2.20 - Examples of polymerizable (orange), reducing (green) and 
reactive (blue) additives. 
Additives such as vinyl acetate,235 divinyl adipate,235 allyl methyl 
carbonate,235 cyclohexyl benzene,237 biphenyl,238 vinyl ethylene carbonate,239 and 
vinylene carbonate (VC)223, 224, 240, 241 are also reduction type additives, but the key 
difference is that they electrochemically polymerize on the anode. The advantage 
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of these types of additives is the SEI is they are usually more mechanically stable. 
The disadvantage of these polymerizable additives is that they also tend to 
polymerize on the cathode, which can introduce a high cathodic capacitance fade 
if the film is too thick. Fluorinated versions of these molecules, such as 
fluoroethylene carbonate (FEC), has been demonstrated to decrease the 
electrolyte degradation, and consequentially results in a thinner SEI layer with 
higher coloumbic efficiencies.242-250 FEC in this case does not contain the 
commonly used polymerizable vinyl group, but in the presence of Li metal and 
potential can readily decompose into HF and VC which then can polymerize. 
The mechanism behind the improvement to HF has been proposed as a SEI 
morphological modifier, in that it encourages a more uniform SEI formation.251-253 
 In contrast to the previous additive types, reaction-type additives do not 
react in the presence of Li metal or via electrochemical reactions, but rather they 
scavenge decomposed components with free radicals to create more stable SEI 
components. Some examples of this additive include maleic anhydride,254 
aromatic isocyanate compounds,255  and Lithium difluoro(oxalato)borate.256-259 
Morphology additive types also do not readily electrochemically decompose or 
react, but selectively dissolve or stabilize the SEI. This additive type somewhate 
deviates from the Li-ion battery research; for instance, LiF is a major natural 
component in the SEI formed at a graphitic interface, whose isolated crystals lead 
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to instabilities.260 In contrast, LiF has shown to increase the electrolyte stability in 
Li metal SEI, though the report is not clear how the morphology of the LiF 
affected the stability.36  
 For LiTFSI, LiBF4, and especially LiPF6, salt based electrolytes, a major 
degradation component is LiF, which tends to crystallize on the anode instead of 
uniformly depositing into a compact layer, which introduces the potential for 
morphological additives. Tris(pentafluorophenyl) borane (TPFPB) is an excellent 
example of this, which has been demonstrated to have excellent these LiF crystal 
dissolution and promote a more uniform SEI deposition.261-264 While TPFPB tends 
to complex with the LiF and essentially removes it from the SEI, it has been 
demonstrated that LiF is not necessarily bad for the SEI if it is controlled.36 Other 
halogenated Li salts, and HF as previous mentioned, have the potential to both 
stabilize the TFSI- anion while modifying the SEI morphology to allow for a more 
stable and more Li+ conductive SEI film.36 
 Each type of additive has its general advantages, but most importantly, a 
synergy must be sought between the additive choice and inherent degradation 
mechanisms in the PEM investigated. Additionally, the additives research and 
the ion transport and mechanical property relationship fields do not need to be 
mutually exclusive, as it has mostly been for the past 40 years. There could be 
great benefits to combining these two fields to create a system that both inhibits 
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Li dendrite nucleation, and offers good mechanical growth suppression. 
2.5  Battery Research and Development Overview 
 Two approaches to solving the Li metal battery crisis have been discussed: 
decoupling the mechanical and ion transport properties of the bulk electrolyte to 
brute force lithium dendrite growth resistance, and to modifying the SEI layer to 
promote a more uniform and compact film, which helps inhibit Li dendrite 
nucleation. Both approaches have offered substantial improvement to the first 
generation PEO-Li salt electrolytes; however, the conductivity at room 
temperature, Li dendrite resistance, and Li dendrite nucleation inhibition are all 
still too low for commercial viability of Li metal batteries. 
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Chapter 3  The Nanofabrication Technique of Holographic 
Polymerization 
 By definition, nanostructures are the manipulation of atoms or molecules 
on the order of 1 to 100 nm, whose processing is called nanotechnology. Due to 
the increased surface to volume ratio on these length scales, nanostructured 
materials experience unique bulk properties, not conventionally present in their 
macroscopically processed counterparts. Some of the many industries 
transformed by nanotechnology include: medicine both for tissue scaffold 
engineering and targeted drug release;265 energy for structured electrodes to 
increase current collection and mechanical stability and for increasing solar cell 
efficiencies266-269; and information technology with the development of spintronics 
which have allowed for ultra high density storage in hard discs, soft discs 
(DVDs, Blu-rays), RAM270, and most recently solid state drives.271 This chapter 
will explore one nanotechnology top-down templating technique called 
holographic polymerization, and probe its potential use for electrochemical 
applications. 
3.1  Introduction to Holographic Polymerization 
 Holographic Polymerization (HP) is a type of interference lithography (IL) 
with the distinguishing characteristic of polymerizing a system containing both a 
photoresist and photo-inert material, according to an interference pattern.272 Also 
sometimes referred to as holographic lithography, it is a simple, one-step 
43 
 
technique for top-down nano- and micro-fabrication of polymerizable materials. 
This technique can be employed with a variety of materials, create 1D, 2D and 
3D periodic structures with lattice dimensions on the sub-micron scale, and can 
result in defect-free long-range polymerized metamaterials. During the HP 
process, the photopolymerizable syrup, consisting of monomer, initiator, and 
inert materials, is exposed to two or more coherent laser beams, the interference 
of which creates a standing wave pattern on a length scale dictated by the 
interference angle and the laser source. The photo-monomers begin 
polymerizing, generating a concentration gradient. The monomers then diffuse 
into the volumes of constructive interference, or light regions, and subsequently 
participate in the reaction. At the same time, the non-reactive photo-inert species 
is driven or partitioned into the volumes of destructive interference, or the dark 
regions. This results in a spatially periodic phase separated domain structure, 
corresponding to the interference pattern geometry. The nature of the 
photopolymerization, particularly the kinetics associated with it (e.g. chain-
growth versus step-growth), the length scale/kinetics of the diffusion (grating 
spacing), and the compatibility of the starting inert materials with both the initial 
reactive fluid and final polymer matrix, all factor in determining the final local 
‘grating’ morphology which in turn dictates their optical properties.273 
 There are a few subtle differences with terminology used in HP-related 
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research. Firstly, HP and IL are very similar in practice, but there are two 
significant differences with classic IL techniques and multi-component HP.272 The 
first is that a typical multi-component HP “recipe” usually contains 20-50 vol% of 
photo-inert materials that are not involved in polymerization.  The rest of the 
syrup is composed of a reactive liquid which is crosslinked during the process of 
holographic illumination. There are no separate bake and expose steps; in HP, 
the non-reacted material is not washed away after photocuring, or a developing 
process is not involved. The second major difference is that anisotropic diffusion 
processes during the HP process is key to the final pattern formation, where 
there is no significant diffusion in IL. Also, both single- and multi-components 
can be used to form holograms using HP. Single- or multi-components are 
defined as the component that undergoes anisotropic diffusion during HP.  For 
instance, in a single-component system, the monomer typically is the only 
species that undergoes anisotropic diffusion during HP. A common system is a 
monomer-soaked gel; during holographic illumination, the monomer will diffuse 
and polymerize in the volumes of constructive interference. An optical scheme in 
Figure 3.1 illustrates the subtle differences between HP and IL, and single- and 
multi- components. The anisotropic diffusion and monomer depletion in the 
areas of destructive interference occurs for HP (left). Non-diffusional pattern 
formation of IL (right) is typically completed by washing the non-polymerized 
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resin out of the system.273  
 
Figure 3.1 - Schematics of hologram development for HP (a) where 
gratings are formed by local anisotropic diffusion of photoresin (blue) 
and photoinert material (red), IL where there are no significant 
contributions from diffusion to grating formation (b), and single-
component (monomer = blue) HP in a gel matrix (dark red), where 
diffusion from a single component forms density and stress periodic 
fluctuations resulting in the hologram formation (c). 273 
 A relatively simple view of the diffusion-coupled photopolymerization is 
detailed as follows. In the prepolymer syrup state, the mixture can be treated as a 
two-component homogenous mixture, whose phase diagram can be summarized 
with Figure 3.2. The bold solid and dashed curves represent the binodal and 
spinodal prior to polymerization when N(0) = 1, where N() is degree of 
polymerization. Ideally, the prepolymer syrup should have a miscibility such 
that the length scale of any binodal or spinodal decomposition prior to 
polymerization be significantly smaller than the resultant grating length scale. As 
the monomers react to form a polymer network, the local monomer 
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concentration is depleted. To thermodynamically balance the system, new 
monomer diffuses to the area of forming polymer, pushing volumes of the 
photo-inert material out of the region. As the monomer is consumed to form 
polymer and the phase diagram shifts, eventually the areas of destructive 
interference will become unstable and phase separate, according to the two 
phases with respect to the tie line in Figure 3.2. The final morphology of the 
grating depends on at what point during the polymerization and gelation 
process of the photomonomers that this phase separation occurs.273 
 
Figure 3.2 - Schematic of phase diagram for LC-monomer prepolymer 
syrup for a prepolymer syrup (bold) and after onset of 
polymerization.274 
3.2  Morphological Control in HP 
 Morphology of a HP system plays a key role to its targeted performance. 
For example, in the case of holographic polymer dispersed liquid crystals 
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(HPDLC), both the purity and resin-LC interphase morphology have a 
significant affect on optical switching voltages, which will be discussed briefly in 
more detail in the next section. There are three dominant material-dependent 
parameters when developing a recipe for HP patterning; thermodynamics, 
diffusion and polymerization kinetics, and the volume ratio between the 
photoresin and photo-inert materials. The optimal photo-inert material content is 
generally between 30 and 40 vol% for 1D structures, and will dictate the 
necessary material transport for layer-layer (L-L) phase separation. Since the 
prepolymer syrup must be an optically homogenous mixture, a preliminary step 
to recipe development is calculating the Hansen’s Mixing Parameter,275, 276 δ, of 
the different components to determine the Flory-Huggins parameter, , between 
the components both before and after polymerization.  should be sufficiently 
large to not vitrify the inert material in the crosslinked network during 
polymerization, but small enough for a homogenous prepolymer syrup. 
Incorporating a stabilizing surfactant to a prepolymer syrup is one way to 
increase the compatibility of two components with large , which in turn 
increases the local chemical potential gradient during polymerization.277, 278 
Under these conditions, the local chemical potential gradient between areas of 
constructive and destructive interference should be maximized to optimize 
monomer diffusion and photo-inert materials phase separation during 
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polymerization.273 
 To control HP morphology, the kinetics of the system must also be 
balanced to allow for adequate time for anisotropic diffusion of monomer and 
partitioned component so the photoresin does not gel before the inert material 
can be adequately excluded from the crosslinked resin, yet with rapid enough 
polymerization so the photoresin network is formed before phase separation in 
the dark regions. The general morphologies can be predicted by simplifying the 
system into three key kinetic rates, i.e. R1 R2 and R3, where R1 is the 
polymerization/crosslinking rate, R2 is the mass diffusion rate driven by 
polymerization which is related to inert material phase separating out of the 
photopolymerizing region, polymer network formation and gelation, and R3 is 
the mass diffusion rate driven by phase separation in the dark regions which is 
related to thermodynamics and viscosity. If R1 >> R2 & R3 or R3 >> R2 & R1, then no 
grating will form. If R2 > R1 & R3 or R2 & R1 > R3 then droplets with clear 
boundaries will form such as in HPDLCs. If R2 >> R1 & R3 then well-defined 
continuous layers will form.273 
 The monomers play a vital role to developing a well-controlled grating 
structure, namely: (a) step-growth versus radical polymerization,279 (b) monomer 
size,280-282 (c) monomer functionality,283 and (d) monomer’s non-reactive side 
groups.284 Switching to a step-growth radical polymerization, such as thiol-ene 
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chemistry, has demonstrated to improve the morphology and purity of the LC 
domains in HPDLC, namely because many double bond conversions occur while 
the system is still in the liquid state, which reduces shrinkage effects, and the 
slower growth allows for more material flow before network gelation (lower 
R1).279 Varying monomer size tunes the crosslinking density and kinetics of the 
system to optimize L-L phase separation in HPDLCs. For the case of (ethylene 
glycol)n, where n = 2-23, diacrylate monomers with LCs, a maximum decay time 
and contrast ratio was observed at n = 8, suggesting most complete phase 
separation with this monomer.280 Hyperbranched polymers have been 
incorporated into HPDLC formulations to modify initial viscosity, which not 
only increased the DEs and moderately decrease switching voltages, but also 
switching response times.281 Increasing the molecular weight between 
crosslinking sites have shown similar morphological effects to decrease the 
switching voltage of HPDLC while simultaneously increasing the DE of the 
gratings.282 In another study, an acrylate formula with varying acrylate monomer 
functionality from 2 to 5 with a static loading of LC and reactive diluent, n-
vinylpyrrolidone (NVP) found that reducing the monomer functionality with the 
reactive diluent, and consequentially polymerization kinetics (R1), reduced the 
partitioning of LC. 283 Incorporating fluorine-containing  trifluoroethyl acrylate 
and hexafluoroisopropyl acrylate monomers have demonstrated to decrease the 
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optical switching threshold voltage by 11% and 0%, and increase the contrast 
ratio by a factor of 5.2 and 2.8, respectively, indicating that the degree of phase 
separation can be tuned by altering the thermodynamic parameters of the 
systems.284 
 Shrinkage is another consideration to control the morphology of a HP 
system. A matured application that has deeply investigated this relationship is 
holographic memory storage applications using HP, also referred to in some of 
these manuscripts as holographic lithography.285-288 Shrinkage is especially 
important for commercial high density storage applications, where it is required 
to be less than 0.5%,289 since it can be detrimental to the depth and sharpness of 
the DE notch,290 relating to distorting information from usually an inherent blue 
shift in optical properties. Traditional methods include tailoring interference 
geometries to compensate for shrinkage perpendicular to the substrate,291, 292 or 
chemistry selection. For instance, polymerization via opening of epoxy chains 
instead of a more conventionally used thiolene or acrylate chemistry reduces 
shrinkage.293, 294 Increasing the volume fraction of photo-inert material is also a 
simple solution to reduce overall shrinkage in a holographic volume grating.293-299 
3.3 Materials Patterned with HP 
 While there are stringent requirements for formulation, HP is a relatively 
versatile nanofabrication technique that has been used with a diverse set of 
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materials. Sacrificial solvents have been used to assist morphological control of 
HPDLC. Micro-emulsion of varying polar solvents and LCs were holographically 
patterned with a non-polar acrylate resin  to create a solvent-rich phase.300 The 
solvent was ultimately evaporated to create nanopores, where Δn was increased 
by the air phase; the LC in this case was used as a morphology additive as it 
showed to increase phase separation during HP, thus improving the quality of 
the grating. Washing away non-reaction participating material in HL has been 
demonstrated, shown in Figure 3.3a-c.301 A solution containing Ag precursor has 
been patterned using HP and thermally or irradiation post treating to induce Ag 
reduction, resulting in highly confined ~5 nm Ag nanoparticles, whose final 
structure is shown in Figure 3.3.302 These nanoparticle composites exhibited DEs 
of up to 90%, and provide a unique opportunity to exploit the plasmonic 
resonance of the Ag nanoparticles for optical waveguiding applications and 
optical diffraction elements. 
 Local anisotropic diffusion in HP can also be realized by using 
macromolecules as the inert components.  To this end, homo and block 
copolymers (BCPs) also have been patterned using HP303-308, two such examples 
shown in Figure 3.4. Melting of the crystals expands the volume and decreases 
the refractive index of PEO, increasing both the d-spacing, or location of the 
diffraction notch, and Δn of the system. BCPs offer an exciting hierarchical 
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structure for more complex templating, and have also been shown viable for 
responsive applications. 
 
Figure 3.3 - SEM images of an air-polymer photonic crystal via washing 
away non-reaction participant material with a scale bar of 10 µm (a), 
close-up of the top surface (111) plane (b).301 TEM of an Ag precursor 
patterned and thermally or irradiation post-treated.
302 
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Figure 3.4 – PEO patterned HP grating (a) and its DE at various 
temperatures demonstrating its response behavior (b). 305 PEO-PCL block 
co polymers patterned via HP (c,d).308  
 To first demonstrate the versatility of HP with a variety of nanoparticles 
(NPs), nanoclay, 5 nm gold particles, and 260 nm polystyrene spheres were each 
patterned with an acrylate-based resin with a 1D interference pattern with 
periodicity of 800 nm, shown in Figure 3.5a-b.309 The most heavily researched NP 
HP use is to exploit the high refractive index mismatch between nanoparticles to 
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enhance optical properties. Due to its high bulk refractive index of 2.55, 15 nm 
TiO2 nanoparticles dispersed in acrylate was one of the first oxide nanoparticles 
systems used to achieve this.295, 310 Larger nanoparticles also show a tendency to 
induce Rayleigh scattering, such as 32 nm SiO2 nanoparticles.311 To minimize this 
scattering, smaller bare 13 nm SiO2 nanoparticles with a bulk refractive index of 
1.46 were dispersed in an acrylate mixture that had a high refractive index of 1.59 
in the polymerized state, resulting in DEs approaching 100%.296 Through a clever 
use of functionalizing 20 nm SiO2 particles, a HPDLC system was used to 
illustrate that nanoparticles can be selectively confined to the polymerized resin 
domain, shown in Figure 3.5c-d.312 ZrO2313, 314, LaPO4315, luminescent ZrO2:EU3+ 
nanoparticles316, zeolites and polyvinyl alcohol317, small molecule capped TiO2, 
SiO2 and ZrO2318, and CdSe-ZnS nanocrystals319 have also been patterned using 
HP. 
 We recently demonstrated HP templating to create long range ordered 
~100 nm nano-channels of electrolyte comprised of PEO and LiTFSI at a Li:EO 
ratio of 1:19 in a commercially available UV-cured glue, Norland Optical 
Adhesive 65 (NOA65), which resulted in brick and mortar like structures, shown 
in .320 We also used NOA to pattern an ionic liquid, 
Trihexyltetradecylphosphonium bromide, whose morphology was shown to be 
smooth, uniform layers, resulting in unprecedented high anisotropies of over 
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5100.321 
 
Figure 3.5 – 5 nm Au nanoparticles (a), clay powder (b),309 10 wt% 20 nm 
SiO2 NPs (c) and 10 wt% SiO2 NPs functionalized with MPTMS312 
partitioned using HP. Scale bars are 1.5 µm (a) and 600 nm (b). 
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Figure 3.6 – hPEM gratings of LiTFSI-PEO (a)320 and an ionic liquid (b)321 
in NOA65. 
3.4  Objectives of Dissertation 
 The overarching goal of this dissertation study is to decouple the 
mechanical and ion transport properties in a PEM system via HP 
nanostructuring, and observe the nanostructure-property relation in a Li metal 
cell. To accomplish this there are three aims: 
 To demonstrate high quality architectures in these Li salt based HP 
systems, plus homogenous PEMs as a baseline. To do this, physical 
characterization techniques, primarily SEM, TEM, DSC, optical and UV 
diffraction, were used to understand how the HP partitioned the photo-
inert material. Understanding the morphology is critical to determining its 
subsequent properties. 
 To study the mechanical and ion transport structure-property 
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relationships between the four different architectures. This study applies 
the clear understanding of the morphology of each of the structures to 
explain the mechanical percolation affects, and the extremely high ionic 
conductivity anisotropies. 
 To study the structure effects on the SEI stability, and the structure-SEI 
relationship effects on Li dendrite kinetics. A small loading of additives 
are also used to diminish the SEI instability effect to more clearly observe 
the pure structure effects on Li dendrite growth. The long-range order in 
these HP systems offer an unprecedented platform to investigate how 
nanostructure affects both the SEI and Li dendrite failure mechanisms. 
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Chapter 4  Methods and Materials 
4.1  Materials 
4.1.1  Photopolymerizable Monomers 
 The monomers used for the holographic polymerization membranes were 
Bisphenol A ethoxylate diacrylate (BAED), Tris[2-acryloyloxy ethyl] isocyanurate 
(TAEIC) and Pentaerythritol Tetrakis (PETMP), as depicted in Figure 4.1, all 
purchased from Sigma-Aldrich. The photoinitator used is Darocur 4265 (4265), 
received from CIBA-Geigy Inc., which is a proprietary mixture believed to be 50 
mol% 2-hydroxy-2-methyl-1-phenyl-propan-1-one and 50 mol% 2,4,6-
trimethylbenzoyl-diphenyl-phosphineoxide, shown in Figure 4.1. 4265 is known 
to have high photon to radical conversion efficiency for 364 nm, which is the 
wavelength of light used for all photopolymerization. BAED, TAIC and PETMP 
were loaded at a functional molar ratio of 1:1:1, so that the acrylate functional 
groups ratio to thiol is 2:1, or with respect to just the photoresin, 44 wt% BAED, 
28 wt% TAEIC, and 28 wt% PETMP. The 4265 was added at approximately 2 
wt% with respect to the whole prepolymer syrup, including electrolyte loading, 
regardless of electrolyte to photoresin loading. During polymerization, the 
photoinitator absorbs the 364 nm photon and converts a free radical, as depicted 
in Figure 4.2. The free radical can then propagate via the acrylate double bond, 
thus allowing for very fast cure times to vitrify the electrolyte for a stable 
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nanostructured system. For all of the physical property testing, mechanical 
testing, and electrochemical testing not in the presence of Li metal, the 
monomers were used as received.  
 
Figure 4.1 - Monomers and initiator used in holographic polymerization.  
 
Figure 4.2 - Thiolene click chemistry radical reaction mechanism. 
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4.1.2  Electrolytes 
 The base electrolyte used was hydroxyl terminated polyethylene glycol 
(PEG/PEO) with 400 Mw, and Bis(trifluoromethane)sulfonimide lithium salt 
(LiTFSI), both purchased from Sigma-Aldrich, shown in Figure Figure 4.3. It has 
been demonstrated that PEG is thermodynamically favorable to form well 
controlled nanostructures under holographic polyermization303, 305, and is 
conveniently a major player from solute choices for Li salts in PEMs3. The PEG 
and LiTFSI were mixed at Li:EO molar ratio of 1:16, or about 71.7 wt% PEG to 
28.3 wt% LiTFSI. The PEG and LiTFSI were used as received for the physical, 
mechanical, and Li metal-free electrochemical characterizations. PEG dimethyl 
ether of 500 Mw was used instead for membranes in contact with Li metal, and 
purified as described in the next section. The LiTFSI was stored in an Ar filled 
glovebox with less than 1 ppm of O2 and H2O, and the mixture was stored under 
vacuum at 45°C. The electrolyte additives LiF, LiBr, LiNO3 and ethylene 
carbonate (EC), shown in Figure 4.3, were all purchased from Sigma-Aldrich and 
used as received. 
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Figure 4.3 - Molecules used for electrolyte. 
4.2.2  Purification of Materials 
 The hydroxyl terminated PEG oxidized the Li metal within minutes, and 
could not be used for cells with Li metal. As such, the PEG was switched with a 
methyl ether terminated PEG with a slightly higher Mw. The PEG as received 
contained a stabilizer butylated hydroxytoluene (BHT), as shown in Figure 4.4. 
Due to the oxidation capabilities of the BHT with Li metal, the PEG was filtered 
before mixing with other materials using a liquid chromatography column with 
aluminum oxide activated, basic, Brockmann I, purchased from Aldrich and 
used as received. 
 
Figure 4.4 - Molecules filtered from raw materials.  
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 The BAED contains 250 ppm mono methyl ether hydroquinone (MEHQ) 
as received, and the TAEIC contains 100 ppm MEHQ as well, shown in Figure 
4.4. Since the TAEIC is a solid as received, the BAED and TAEIC were mixed 
together. The mixture is highly viscous, so it was first attempted to use volatile 
solvents with low viscosity to improve processing time; however, these solvents 
bound to the monomers such that the solvents could not be easily removed 
before or after holographic polymerization, and the solvents themselves could 
oxidize the lithium metal. The same column used to filter the PEG was used with 
a vacuum draw and a 15 psi positive pressure behind the liquid, which could 
yield about 10 mL of BAED-TAEIC mixture per hour with a 1.5” diameter 
column. The NMR spectra of BAED, TAEIC, and the mixture before and after 
purification demonstrating the successful removal of MEHQ are shown in Figure 
4.5. 
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Figure 4.5 - NMR spectra of BAED (cyan), TAEIC (green), the mixture of the two as received (blue) and the 
mixture after purification (red). The peaks for TAEIC and BAED are indexed, with the relative area under 
the peak normalized, by the =CH2 peak for TAEIC and one of the aromatic H on the BAED, and noted for 
each peak. The peaks for the MEHQ monomer are marked with purple lines. 
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 PETMP was filtered using the same activated alumina with just a vacuum 
draw. PETMP is listed as >95% pure, without listing what the possible 
contaminants may be. Figure 4.6 shows the PETMP before and after filtration 
with a large shoulder at a chemical shift of 4.45 ppm. Before filtering the PETMP, 
the membranes still had a tendency to oxidize the Li metal, so the raw material 
must contain trace amounts of oxidizable contaminants. 
 
Figure 4.6 - NMR spectra of PETMP before and after filtering. 
 Li metal was purchased from Alfa Aesar and stored in a sealed foil bag, 
inside a stainless steel canister, inside an MBraun glovebox with less than 1.0 
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ppm O2 and H2O. The foil was use as received. Stainless steel spacers were 
purchased from MTI Corp, were washed and sonicated in acetone, and vacuum 
dried at 50°C if they were to be in direct contact with the PEMs. They were used 
as received when not in direct contact with the PEMs for Li metal symmetric 
cells. 
4.2  Hologram Optical Setups 
 
Figure 4.7 - Optical setup for the four different nanostructures studied, 
and the sample nomenclature used. 
 A Coherent Ion 308C Ar laser set to a monochromatic 363.8 nm output 
was used as the light source for the interference patterns. Four optical setups 
were used, shown in Figure 4.7: reflection is 1D lamellar whose electrolyte 
nanochannels are parallel to the plane of the film; transmission is the same 
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morphology as reflection, except the nanochannels are parallel to the normal of 
the film; hexagonally packed cylinders are in the same direction as the plane’s 
normal; and isotropic is floodlit with no optical pattern. For all the films except 
the Li symmetric cells, 23 micron glass bead spacers were used to control the 
thickness of the film by mixing them into the prepolymer at <0.01 wt%. When the 
membranes were planned to be in contact with Li metal, four solid spacers, one 
in each corner of the glass slide sandwich, were used so the glass beads would 
not introduce complexity to the system, namely potential crack propagation 
along the PEM-glass bead interface expediting Li dendrite growth. Two glass 
slides were rigorously cleaned with soap and water followed by acetone to 
assure consistently high quality interference wave patterns. The prepolymer 
syrup was casted onto the glass slide and sandwiched with another glass slide. 
For the optical setups H,T and R, the sandwich was put in optical contact with 
the prism(s) using Cargille refractive index matching fluid with n=1.49. Figure 
4.8 shows the intensity and d-spacing profiles for the reflection gratings setup 
versus the angle of incidence. A theta of 20° was used for the reflection setup, 
resulting in an approximately 200 nm d-spacing. The transmission optical setup 
was arranged to mimic the 200 nm d-spacing for direct comparison between the 
two systems. 
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Figure 4.8 - Graph of prisom offset angle versus intensity and 
periodicity of the reflection grating setup.307 
4.3  Characterization 
4.3.1  UV-Visible Transmission Spectroscopy 
 An Ocean Optics Fiber UV-Vis spectroscope in the range of 400-800 nm was 
employed as a first determination of the partitioning quality of the reflection 
holograms. If the refractive indexes of the photoresin and electrolyte are 
mismatched, a coherent scattering will occur, resulting in a photonic crystal with 
physical color properties. The UV-Vis source and detector are parallel to the 
films’ normal, so sin(θ/2) = 1. The coherently scattered wavelength, or color, is in 
accordance with the simplified Bragg’s diffraction equation: 
                              
 
  
 EQUATION 4.1 
where λ is the wavelength of light, and n is the refractive index of the medium. 
The diffraction efficiency is the percent of scattered light at the Bragg condition 
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according to Kogelnik’s wave theory equation for reflection-type photonic 
crystals: 
          
    
      
)  EQUATION 4.2 
where d is the thickness of the membrane, λ is the wavelength at the diffraction 
notch, and Δn is the refractive index mismatch between the two components. 
Thus, the higher the partitioning efficiency between the photoresin and 
electrolyte during HP, the deeper the diffraction notch will be. 
4.3.2  Fourier Transform Infrared Spectroscopy 
 A Thermo Nicolet Nexus 870 FT-IR Spectrometer was used in reflection 
mode to confirm the complete reaction of the monomer functional groups after 
post-curing. A prepolymer mixture was prepared without the photoinitiator and 
transported in a light blocking container. A drop of prepolymer syrup was then 
imaged as a baseline for the unreacted spectra. A drop of pure electrolyte was 
also used as a baseline. Spectras from the polymerized resin with no electrolyte 
and an hPEM•R35 membrane were collected and shown in Figure 4.9. The C-H 
out of phase aromatic peak at 832 cm-1 was used to normalize the curves to 
compare the S-H and C=C peaks to confirm the intended reaction mechanism.322 
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Figure 4.9 - FTIR spectra of unreacted monomers, reacted resin, the 
electrolyte and a PEM grating. Inset shows the characteristic peaks for 
the reacting functional groups. 
4.3.3  Transmission Electron Microscopy 
 Reflection gratings were embedded in Epofix epoxy resin and cured for 
>48 hours. The epoxy bricks averaged 2-3 mm in thickness, and were sectioned 
using ultramicrotomy with a Diatome diamond knife. Most sections were 60-100 
nm thick, and collected on a nickel grid with a 25 µm hole size. The samples 
were then stained with RuO4 for 45 minutes. An Olympus BX-51 optical 
microscope equipped with an Insight digital camera was first used in phase 
contrast mode to image the epoxy sections to locate and confirm the existence of 
the film embedded in the epoxy. Electron microscopy is a powerful tool to 
directly analyze the sample’s morphology. The basic interactions between a high 
energy electron beam under high vacuum (10-4 to 10-7 mbar) are shown in 
Figure 4.10. A JEOL 2000FX TEM with an accelerating voltage of 200k eV with a 
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LaB6 electron source in bright field mode was then used to image the 
ultramicrotomed sections. 
 
Figure 4.10 - Schematic of interaction between sample and electron 
beam. 
 TEM tomography was performed by selecting films that situated 
themselves near the center of the grid holes, so the grid could be axially rotated 
with the sample still in view. A 10 nm Au nanoparticle aqueous suspension was 
drop cast on either side of the TEM grid to act as fiduciary markers. Images were 
collected at 1° axially rotated intervals and were processed using the eTomo 
module of IMOD 4.6 in conjuction with Cygwin, publicly available on the 
website of the University of Colorado at Boulder. An Intel i7-3930k processor 
with 64 GB of RAM and an NVidia GTX 770 graphics processor with 4 GB of 
RAM was used to process the large tomograms. Once the tomogram was 
reconstructed, a software called Chimera, available for free on the University of 
California San Francisco’s website, was used for 3D rendering and image 
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processing. 
4.3.4  Scanning Electron Microscopy 
 To image the surface and cross-section of the PEMs, A Zeiss Supra 50VP 
was used with an accelerating voltage of 2 keV. The films were dried under 
vacuum at 50°C for 48 hours, then the surface of the films were treated with 
painter’s tape, and sputtered with Pt-Pd for 60 seconds before imaging. To image 
the cross-section, strips of membrane were immersed in liquid nitrogen for 60 
seconds before breaking. They were then placed under vacuum at 50°C for 48 
hours to both dry the samples, and drip off any excess electrolyte from the newly 
exposed electrolyte channels. The exposed surface was sputtered edge-on with 
Pt-Pd for 15 seconds before imaging. 
4.3.5  Differential Scanning Calorimetry 
 A TA Instruments Q2000 MDSC with an RCS90 chiller was used to 
characterize the stability of the samples upon second heating. The pure 
crosslinked resin used a Tzero pan, while the samples with electrolyte used 
Tzero hermetic pans. The samples were dried for 3 days in the DSC pans under 
vacuum, and quickly sealed and immediately tested. More than 10 minutes of 
exposure to air resulted in the system to swell from the moisture, with only one 
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Tg appearing. The samples were cooled to -90°C and heated at 10°C/min to 
150°C. 
4.3.6  Tensile 
 Samples were tested on a KES-G1 Multi-purpose tensile tester and an 
Instron 3342 single column universal testing system. Both used 10 N load cells 
with the same custom aluminum grips. One side of the aluminum grips was 
textured during original machining with thin rectangular blocks spanning the 
width of the face, which was then wrapped in Kapton tape to assure a secure 
specimen grip without over tightening for the samples containing electrolyte. For 
the 0 wt% electrolyte sample, the grip was was wrapped with electrical tape. This 
allowed for no modification to the sample, such as epoxy embedding, to ensure 
accurate results. It has been demonstrated that the L/D ratio has an effect on the 
measured properties if the L/D ratio is too low.323, 324 Each of the samples were cut 
with a fresh razor blade to assure minimal defects introduced at the cut surface, 
and most were between 0.8 and 1.4 mm in width, with most grip lengths around 
15 mm to assure the L/D>10. The pull rate on all samples was 0.2 mm/s. 
4.3.7  Atomic Force Microscopy 
 Atomic Force Microscopy (AFM) is a topological characterization 
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technique that can reach angstrom resolutions. A cantilever with a tip is 
oscillated with a piezoelectric element on or above the surface of a material, and 
its deflection is measured via the angle of laser reflection. Several modes are 
available for use, such as contact, tapping, and non-contact. Typically tapping 
and non-contact modes are used for softer polymer samples so as to not destroy 
the sample, and oscillations are usually at or near the resonance frequency of the 
cantilever. Peak-force is a relatively new tapping mode, where the tip is only 
momentarily in contact with the sample, typically less than 100 µs. The novelty 
of this peak-force mode is that the maximum force applied by the cantilever is 
controlled and constant, thus information about sample adhesion, surface 
deformation and topography can be unambiguously separated from the 
individual force-separation curves at each position of the scan.325 
 Peak-force tapping mode was employed to investigate the properties of 
these membranes with a Bruker MultiMode 8 with a Nanoscope V controller 
using PeakForce QNM with a RTESPA-150 probe. For modulus mapping, a 
three-step calibration process was used. First, the deflection sensitivity for the 
cantilever was measured using a sapphire standard with a known stiffness. 
Second, a thermal tune, which measures the mechanical response to thermal 
vibrations in ambient air, was used to calculate the spring constant of the 
cantilever. Finally, a rough surface TiO2 control sample was used to measure the 
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exact radius and shape of the tip. The spring constant of the probes used are 
rated at 5 N/m, and from calibrations the probes used were measured to have a 
spring constant between 7 and 15 N/m, and tip radii of around 5-7 nm. 
 The samples were left on the glass slides from which they were patterned 
to assure void-free contact with the glass, and the glass slide was cut underneath 
and directly used as the AFM substrate. The exposed surface was treated once 
with painter’s tape to remove excessive electrolyte that wet the surface of the 
membrane and reduce the adhesion effects of the wet polymeric electrolyte. 
Since the electrolyte is highly hydrophilic, it is likely there are adhesive forces 
both at the contact point between the probe and sample, as well as a small area 
around the probe. The peak force used ranged from 30 nN to 120 nN, depending 
on the stiffness of the sample. The resonance was fixed at 2k Hz, with a 1 Hz scan 
rate of 256 lines x 256 pixels for image maps of 10 x 10 µm. The samples were 
imaged repeatedly without obvious mechanical degradation, so it is within 
reason to assume the peak force used was in the elastic regime of each of the 
samples. 
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Figure 4.11 – Schematic of force versus displacement curve for a single 
cycle of the peak force tapping AFM, where blue is the approach curve, 
and red is the tip withdraw curve.325, 326 
 Due to the adhesion forces, the Derjaguin-Muller-Toporov (DMT) model 
of elastic contact was used for the modulus maps, for which the Nanoscope 
software calculated from the retraction curve, depicted in Figure 4.11. For DMT, 
Et is assumed to be infinite. The DMT model provides an estimate of the reduced 
modulus based on the elastic behavior and adhesion force from the retraction 
curve. The DMT fits the retraction curve and is described by the following 
equation:326 
        
 
 
    √      )  EQUATION 4.3 
where F-Fadh is the force on the cantilever, R is the tip end radius, and d-d0 is the 
deformation of the sample. The result of the fit is Ered. According to contact 
mechanics, the reduced modulus is calculated according to the equation: 
      (
    
  
 
    
  
)
  
 EQUATION 4.4 
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where νs and νt are Poisson’s ratio for the sample and tip, and Es and Et are the 
moduli for the sample and tip, respectively. When ν is not known, since for most 
materials ν ~ 0.2 – 0.5, there could be an inherent 4% - 25% difference in sample 
and measured modulus.326 
4.3.8  Electrochemical Impedance Spectroscopy 
 A.C. impedance spectroscopy is a powerful tool that can be used to 
reliably study the ionic conductivity of polymeric electrolytes.327-331 Resistance 
measurements were made in an Ar filled MBraun Labstar Pro glovebox, with 
H2O and O2 levels under 1.0 ppm, using a Princeton Applied Research Parstat 
2273 Potentiostat. Three cell setups were used: a 4-plate liquid cell; a 4-line 
platinum wire electrode; and 2-plate stainless steel sandwich electrodes, shown 
in Figure 4.12. AC impedance spectroscopy was used from 0.1 Hz to 1 MHz with 
data collected at 10 points per decade. The 4-line electrode used a 500 mV 
potential, and the 2-plate setup used a 20 mV potential, so that the electric field 
in both geometries was similar. The resistance was collected from the Nyquist 
plot using a semi-circle fit to extrapolate the touch-down point, corresponding to 
zero imaginary impedance, shown in Figure 4.13. As the temperature increases, 
the frequency of the touch-down point shifts up, resulting in less and less data 
points prior to the touch-down point. For some higher temperature samples, a 
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linear fit was used to calculate the resistance, since an insufficient number of data 
points were present to fit the semi-circle. The ionic conductivity was then 
calculated using the equation: 
    
 
   
 EQUATION 4.5 
where L is the distance between the electrodes, A is the cross-sectional area, and 
R is the measured resistance. For the room temperature conductivities, three 
specimens were measured, and the error is on the scale of the symbol size. 
Normalized conductivity was used in some cases to better understand the 
partitioning effects on the electrolyte, according to the equation: 
        
 
   
 EQUATION 4.6 
 
Figure 4.12 - Electrodes used for 2-plate sandwich setup to measure the 
through-plane direction of the film (c), a 4-line electrode insert for in-
plane film measurements (b), a 4-plate liquid cell electrode (a), and a 
schematic for measuring reflection gratings using the two different 
electrode setups (d,e). 
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Figure 4.13 - Nyquist plots of PEMs with symmetric electrodes of 
stainless steel (SS, top) and Li (bottom).  
 Temperature scans were performed using either a Mettler Toledo hot 
stage, Instec HSC410 hot stage, or a hot plate outfitted with a solid aluminum 
box with insulating foam to act as a mini-oven, all inside a glovebox. Each 
sample was equilibriated at the given temperature and then isothermed for 10 
minutes before measuring. 
CR2032 coin cells, spacers and wave springs were purchased from MTI 
Corp and Flying Asia Pacific Co. Li foil from Alfa Aesar was cut into discs using 
6 and 8 mm punches, and assembled per the diagram in Figure 4.14. The spring 
constant of the wave springs were measured using a c-clamp with another spring 
of a known constant, and the pressure calculated from the spring displacement 
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was 2-3 MPa. Due to this relatively high pressure exerted on the sample by the 
spring, symmetric diameter cells had a tendency to short from cell assembly; by 
using asymmetric diameters, cell failure from assembly was nearly eliminated. 
Due to the cell asymmetry, there needs to be a correction factor to calculate 
conductivity in this case. For example, a 8 mm and 10 mm empirically obey the 
equation:332 
             
                          EQUATION 4.7 
Where     would be used instead of   in Equation 4.5. When the membrane 
thickness, thus L, is only 23 microns, this correction factor is Aeff/A = 1.0087, 
meaning there is less than 1% error introduced into the measurement using the 
smaller electrode for A. For 150 microns, Aeff/A = 1.0052. This asymmetry can 
cause significant errors with larger L values, but the asymmetry should not 
introduce large errors in these measurements, since membrane thicknesses 
typically range from 20 – 150 µm. 
Both the bulk and solid electrolyte interphase (SEI) resistances were 
measured using the Nyquist plot from EIS, shown in Figure 4.13. Galvanostatic 
polarization and cycling experiments were performed on an Arbin BT-2043 and 
BT-2143 battery tester. The polarization was performed at various current 
densities, such that the smaller lithium disc was plated, and thus this diameter 
was used to calculate the current required. The samples were isothermally 
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treated at the testing temperature for 1 hour before testing, with no other 
pretreatment. After isothermally treating, but prior to cycling at the reported 
current density, the cells were precycled four times each at 0.01 mAcm-2 and 0.05 
mAcm-2. Both precycling and regular cycling was performed with 3 hour half life 
cycles. Lithium transference numbers were performed at room temperature 
outside of the glovebox in coin cells that were assembled inside the glovebox 
using a Gamry Interface 1000E potentiostat with EIS. To observe the resin effect 
on the matrix, PE-PP-PE trilayer Celgard with 39% porosity was used to imbibe 
the PEG-LiTFSI electrolytes to characterize the pure electrolyte. 
 
Figure 4.14 - Li Symmetric coin cell assembly diagram. 
 Cyclic voltammetry measurements were carried out by replacing the 6 
mm Li foil with a cleaned SS spacer disk to act as an ion blocking electrode. A 
linear potential sweep from 2 V to 5.4 V at 1.0 mV/s was used to characterize the 
electrochemical stability window of both Celgard samples imbibed with the 
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virgin electrolyte, and hPEM•H35. The samples were isothermed at the 
respective temperature listed in the reported data for 1 hour before testing. 
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Chapter 5  Nanostructure of Holographically Polymerized 
Polymer Electrolyte Membranes 
 As discussed earlier, holographically patterned films can partition well 
photo-inert materials; however, the partitioning capability can vary greatly 
depending on the polymerization kinetics, diffusion kinetics of both photo-inert 
and photopolymerizable monomer, gelation time, and the thermodynamics of 
mixing of both the monomer and polymer network with the photo-inert material. 
In this chapter, a formulation optimized for an electrolyte made of 400 Mw PEG 
and LiTFSI at a molar ratio of Li:EO = 1:16 is rigorously characterized to 
demonstrate the high quality partitioning capabilities of the resin during the HP 
process. 
 The four different nanostructures tested are iPEM•i, hPEM•H, hPEM•R, 
and hPEM•T, and depicted in Figure 5.1. Throughout this dissertation, where 
applicable, iPEM•i will be denoted by a blue diamond, hPEM•H will be red 
squares, hPEM•R purple circles, and hPEM•T green triangles, or lines of their 
respective colors, to allow for easy comparison throughout the various tests. 
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Figure 5.1 - Optical setup for the four different nanostructures studied, 
and the sample nomenclature used (same as Figure 4.7). 
5.1  Reflection Morphology 
   
Figure 5.2 - Reflection grating. 
 UV-Vis is a quick and powerful technique to characterize hPEM•Rs since 
they are also photonic crystals. Due to the refractive index mismatch between the 
electrolyte and photoresin, light will scatter as it travels through this medium 
with modulating refractive index. At a certain angle, or with a certain 
wavelength, the Bragg condition will be met, and the sample will coherently 
scatter the light, resulting in structural color. The % of light diffracted is called 
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the diffraction efficiency (DE). If the refractive index mismatch of the two 
components is large, the diffraction will be strong; as the mismatch is reduced, 
the DE will decrease. Thus, the effectiveness of the separation between the two 
phases during HP can be quickly ascertained looking at UV-Vis. This phase 
separation is critical for PEM applications because the conductive channels must 
have a high concentration of electrolyte for low viscosity, and thus high ion flux. 
A larger full-width half-max (FWHM) usually indicates that the interface 
between the two components is broad; this could be due to a post-curing 
roughening effect, or even texturing during HP such as from droplet formations. 
Generally, smaller FWHM values indicate more clean and uniform phase 
boundaries between the two components. As the spectra approaches the UV 
range, roll-off usually indicates meso phase separation between the two 
components, which can devastatingly compromise the intended nanostructuring 
from the HP process. Thus, the goal for the formulated PEMs is to have large DEs 
with sharp peaks and no UV roll-off. Figure 5.3 shows the UV-vis spectra of 
hPEM•R15,25,35,45, with the DEs noted below each spectra. The DE increases as 
electrolyte is added, with a maximum value between 25 and 35 wt%; however, 
all of the DEs are quite high for the entire electrolyte loading range tested, 
indicating that there is a wide window for processing conditions while still 
maintaining the integrity of the nanostructure. For PEG-LiTFSI and PEM•0, n = 
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1.463 and 1.476 at 630 nm, according to ellipsometry, shown in Section A.1. Using 
Bragg’s law in Equation 4.1, DEs at 640 nm correspond to a 214 nm d-spacing. 
 
Figure 5.3 - UV-Vis of reflection gratings with the diffraction efficiency 
(DE) marked for each spectra. Inset shows an image of hPEM•R35.  
 Reflection gratings were imaged under TEM, shown in Figure 5.4. 
Although the ultramicrotomy sections were stained with RuO4, the electrolyte 
nanochannels were so highly concentrated with electrolyte, the electrolyte 
evacuated into the water boat on the microtome blade, where the lighter areas in 
the image indicate the electrolyte fossils. The exception of this is the bottom left 
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corner of Figure 5.4b, where the PEG is dark because it was stained with RuO4 
and remained in the sample. More commonly in HP systems, there is a 
significant enough amount of “leftover” monomer that could not diffuse due to 
either lack of time, or the chemical potential was too low near the later stages of 
grating development, before gelation of the network, which locks the general 
morphology in place during post curing, resulting in resin-rich and electrolyte-
rich domains. 
 The d-spacings measured using the TEM images are 212 nm and 201 nm 
for hPEM•R15 and 25, respectively. It is difficult to accurately measure the d-
spacing from hPEM•R35 due to the knife damage separating the layers apart, 
but in the most compact areas where damage is minimal, the d-spacing is 211 
nm. The crosstalk density is defined here as the portion of resin spanning across 
the electrolyte channel, and the crosstalk width is the average width of these 
resin connections, shown in Figure 5.5. These measurements were determined by 
the TEM images in Figure 5.4, using ImageJ. 
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Figure 5.4 - TEM micrographs of hPEM•R15 (a), R25 (b), and R35 (c).  
Scale bars are 200 nm (a) and 1 µm (b,c). 
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Figure 5.5 – Measured resin crosstalk fraction in electrolyte-rich layers, 
and average crosstalk width, measured from TEM images.  
Starting with hPEM•R15, the morphology is actually layer-confined 
isolate droplets. As the electrolyte is increased, at hPEM•R25 the droplets begin 
to coalesce into a Swiss cheese-like layer. At this electrolyte loading, there is still 
a fairly dense cross-talk between the resin layers that mechanically hold the 
whole infrastructure together. This makes it easy for not only microtoming, but 
also in general for handling and better shear properties. As the electrolyte is 
further increased in hPEM•R35, the electrolyte appears more as lightly 
perforated layers. This also translates into much less cross-talk between the resin 
layers, allowing for the layers to be more easily sheared or wedged apart. At this 
electrolyte loading, it can be seen that the electrolyte beings to gently perforate 
through the resin layers, allowing for nanochannels to percolate in the normal 
direction of their plane. It was extremely difficult to section hPEM•R35 gratings 
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because the weak mechanical properties of the electrolyte nanochannels allowed 
the section to shear apart into tiny pieces. hPEM•R45 sections were unable to be 
obtained. 
 Since TEM is a 2D static image of a complex 3D morphology, TEM 
tomography was employed to glean more information about the structure, 
shown in Figure 5.6 and Figure 5.7. Video links to the tomograms can be found 
in the captions. It should be noted that two different image processing 
procedures and texture packages were used because the hPEM•R35 section that 
was in an optimal spot on the grid for a high degree of rotation was conveniently 
lying on another microtomed section of epoxy used to embed the sample. The 
epoxy substrate covers the entire image Figure 5.7, and can be observed more 
clearly in the TEMT video. 
 The three most important observations to take away from this are the 
behavior of the cross-talk density of the resin and of the electrolyte, and the 
shape of the electrolyte fossil. First, looking at hPEM•R25, the structure has 
cross-talk webs whose diameter is from anywhere as thick as the resin layers 
themselves, to about one third the diameter. The large shear deformation on the 
layer marked by the red arrow from microtome knife damage could indicate that 
some of the resin cross-talk volumes may have comparable mechanical 
properties to the resin layers themselves, since the crosstalk did not instead just 
90 
 
rip. There is also a relatively high density of resin crosstalking, which matches 
the 2D TEM observations. The resin layers all appear to be intact with no large, 
structurally-damaging defects or perforations. 
 
Figure 5.6 - TEM Tomography reconstruction of hPEM•R25.  Videos of 
the tomograms can be seen here and here. 
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Figure 5.7 - TEM Tomography reconstruction of hPEM•R35. A video of 
the tomogram can be seen here. 
 Next, hPEM•R35 is shown in Figure 5.7. The electrolyte cross-talk density 
is similar to what is seen in 2D TEM, but the girth of the crosstalk appears to be 
slightly less than what was observed; the linked video shows this more clearly. 
This tomogram also shows a high degree of cross-talk between the electrolyte 
layers, which is in agreement with the TEM. This should allow for easier ion 
percolation in the normal direction to the lamellae, but potentially at a great cost 
to mechanical properties. 
 Finally, the shape of the electrolyte fossil is of interest to further explain 
the structure formation during HP. It is obvious with TEM that at lower 
electrolyte loadings, isolated droplets form. In the hPEM•R25 images, the 
droplet shapes can still be seen, particularly in the zoomed in TEM tomogram of 
one isolated resin layer. These droplets, even at higher electrolyte loadings, 
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suggest they are a precursor to the full electrolyte layer formation. If the phase 
separation between the polymerized resin and the photo-inert material is 
matched with the diffusion and polymerization kinetics, a smooth layer with an 
evenly distributed concentration gradient will form during HP.321 If the change in 
miscibility between the monomer and photo-inert material versus the polymer 
and photo-inert material is higher, then an additional driving force may be 
introduced into the system, enabling overall higher partitioning efficiencies. This 
is a common phenomena in holographic polymerization dispersed liquid crystal 
systems, where at a certain critical concentration induced by HP phase 
separation, the liquid crystals nucleate and grow.333-335 Increasing the electrolyte 
further, in the hPEM•R35 images it is difficult to clearly see the droplet 
formation, probably because the amount of excess material post droplet 
coalescence is large enough to not only begin to fill in the volumes of destructive 
interference, but impede on the polymerizing resin layers themselves. Finally, 
based on the TEM and TEM tomography images, a schematic of this lamellar 
morphology evolution as the electrolyte loading is increased is depicted in 
Figure 5.8, as thoroughly discussed in this section. 
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Figure 5.8 - Diagram of electrolyte and resin morphology as electrolyte 
loading is increased. 
5.2  Transmission Morphology 
  
Figure 5.9 - Transmission grating. 
 Transmission gratings are essentially the same morphology as the 
reflection, except the lamellae are rotated such that they are in plane to the 
membrane’s normal. Freeze-fractured hPEM•T25 samples were imaged at 45° 
offset to the edge and surface, and edge-on, shown in Figure 5.10. Here the 
lamellae morphology can be seen to propagate uniformly through the entire 
thickness of the 23 µm imaged. 
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Figure 5.10 - SEM image of a 45° offset of hPEM•T25 (a) and a zoomed-
in image (inset), and full cross-section of a 23 µm membrane imaged 
edge-on for hPEM•T25 (a) and its FFT (inset).  
 The d-spacing measured from the image is 192 nm. The FFT demonstrates 
the regular and well defined long-range periodicity in the cross-section. In some 
other areas of the sample edge, there was ductile failure during the freeze 
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fracture, which compromised the integrity of the nanostructure. Two freeze-
fractured hPEM•T35 samples were imaged, and the entire edge of these sampled 
experienced ductile failure, suggesting that despite a highly crosslinked resin, the 
electrolyte at higher loadings may be acting significantly as a plasticizer.  
It is important to also characterize the PEM surface, since understanding 
the contact between the PEM and Li metal can be critical for long-term solid 
electrolyte interphase (SEI) stability. The resin lamellae can be observed cleanly 
in the SEM image of hPEM•T40 shown in Figure 5.11. The d-spacing from the 
image is 195 nm, correlating to the FFT peaks. The surface structure of the 
membranes for electrolyte loadings below hPEM•T40 were evident, but not very 
well defined. As observed in TEM, hPEM•T25 should have significant resin 
cross-talk, which will greatly reduce the features on the surface of the film. These 
membranes have excellent wetting properties, indicating that the electrolyte has 
a lower surface free energy than the resin; the electrolyte tends to attenuate these 
already subtle features on the surface of hPEM•T25, making it difficult to 
capture a good image. Water, acetone, ethanol, toluene, and hexane were all used 
to try to evacuate the surface of excess electrolyte on hPEM•T25 gratings to more 
clearly resolve the morphology of the resin layers; however, each of these 
solvents exhibited significant swelling effects on the membrane, which caused 
heavy distortion and plastic deformation to the nanostructure. Interestingly, 
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when comparing the hPEM•T40 surface to the edge of T25, the cross-talk density 
is distinguishable; T25 has significant resin cross-talk, whereas T40 experiences 
electrolyte crosstalk. This is in excellent agreement with the TEM images from 
hPEM•R. The higher resin cross-talk density can also be seen in the surface of the 
hPEM•T40 membrane 
 
Figure 5.11 - SEM image of the surface of hPEM•T40 (a) and its FFT (b).  
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Figure 5.12 - UV diffraction scheme using the laser (top) and image of 
diffraction peak from hPEM•T35 (bottom).  
 To bridge the gap between the difficulties of imaging the surface of 
hPEM•T25 and the edge of T40, and also used for general quality control, a 
second, quick and qualitative UV diffraction technique was employed using the 
laser as a light source. The sample was placed in the beam path according to the 
diagram in Figure 5.12. Using this method, the d-spacing of the lamellae can be 
calculated using Bragg’s law shown in Equation 4.1. θ was measured to be 
between 65.5 and 66.6° for hPEM•T25, T30, T35 and T40 samples, which results 
in d-spacings of 195 – 200 nm. A correction for the propagation of light through 
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the glass before entering the sample was needed in this case, using Snell’s law: 
 
      )
      )
 
  
  
 EQUATION 5.1 
 Similarly in the way UV-Vis is used for the hPEM•R gratings, the brightness of 
the spot was used to qualitatively confirm the sample had a high quality 
nanostructure. 
This UV-diffraction technique is very important for quality control to 
determine the degree of phase separation from HP because the optic setup is 
very different than reflection. This is due to the power distribution across the 
laser’s wavefront. For reflection gratings, because the beam is reflected on itself, 
the distance between the interfering points on the wavefront (x) is only as far as: 
              )    EQUATION 5.2  
where θ is the angle offset to the normal of the glass surface sandwiching the 
sample. Using Snell’s law, where θ1 = 20°, θ2 is calculated to be 58.2°. In the case 
of the reflection gratings, where TGlass = 1 mm, then x = 3.2 mm; if the laser’s 
wavefront is only modestly modulated, the power difference at these two points 
is minimal. For transmission, the entire beam size has a diameter of around 60 
mm, and x in this case is closer to 30 mm. This means any fluctuations in the 
laser’s wavefront power distribution could give rise to poor destructive 
interference efficiencies. While there are many factors in forming a high quality 
HP grating, the first limiting factor is the quality of the interference pattern, 
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specifically how well the light can destructively interfere. Since the polymer will 
react when light excites the photo-initiator, for there to be a significant 
polymerization gradient, the volumes of destructive interference must be nearly 
dark, or the radical polymerization will occur everywhere, albeit at different 
rates. In order to achieve highly dark volumes, the power densities at each point 
in the interference pattern must be similar, thus it is much more difficult to 
achieve a high quality transmission grating than a reflection, and the optics must 
be tuned and adjusted regularly. Despite this processing limitation, we are able 
to synthesize well-defined gratings with a single-beam setup, evidenced by UV 
diffraction and SEM. 
5.3  Hexagonal Cylinder Morphology 
  
Figure 5.13 - Hexagonally packed cylinder grating. 
In a similar fashion as for the transmission gratings, SEM was employed 
to look at the structure of the hPEM•H membranes, and confirm the intended 
structure resulted from the HP process. To confirm that the geometries observed 
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on the surface propagated into the bulk membrane, a freeze-fractured sample 
was imaged 25° offset from edge-on, shown in Figure 5.14a. The d-spacing 
measured in the cross-section is 350 nm, and the FFT confirms well-defined long-
range order. Similarly to the hPEM•T gratings, membranes with higher 
electrolyte contents than hPEM•H25 exhibited ductile failure which 
compromised the integrity of the structure. Here the individual electrolyte 
nanochannels can be seen to span the entire thickness of the 45 µm thick 
membrane. SEM images of the surfaces of hPEM•H30 and H35 are shown in 
Figure 5.14. Again, similarly to the transmission gratings, it was difficult to 
clearly image the surface structure of samples with less electrolyte than 
hPEM•H35, indicated by the significantly lesser number of electrolyte channel 
perforations visible on the membrane’s surface in hPEM•H30. These hPEM•H 
gratings too, swelled significantly when attempting to wash away excess 
electrolyte on the surface. Nevertheless, the 6-fold symmetry can be seen in the 
hPEM•H35 surface image.  
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Figure 5.14 - 20° offset from edge-on view of hPEM•H25 (a) and its FFT 
from a cropped portion excluding the surface (b), surface view of 
hPEM•H30 (c) and its FFT (d), H35 (e) and its FFT (f).  
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Figure 5.15 – Scheme of diffraction setup (top), and image showing the 
diffraction pattern using the 364 nm laser and calculated d-spacings of 
the hologram (bottom). Inset shows the difference in appearance for 
hPEM•H25 with nearly 100% transmission when oriented out of the 
Bragg condition versus vibrant structural color when angled at the 
Bragg condition. 
 To further confirm the d-spacings and overall quality of the structure, UV 
diffraction and optical inspection were employed, shown in Figure 5.15. Using 
Bragg’s law, the d-spacings were calculated for several samples, and all were in 
agreement within error of the d-spacings determined from SEM. To give rise to 
such intense structural color, the phase separation in the hPEM•H gratings must 
be quite high, as indicated by the photograph. Looking at the film at an angle 
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with a light source that matches the Bragg condition, the structural color is 
vibrantly apparent, which is in stark contrast to the optical clarity when looking 
at it from other angles. Optical inspection was used as a quality control technique 
to assure all the hPEM•H gratings were of high quality with an even and 
consistent structuring throughout the membrane. 
In addition to Figure 5.15, the d-spacing of the three parallel plane 
directions were calculated to be 325, 318 and 350 nm for H30, and 313, 321 and 
336 nm for H35. The interference is optimized based on the power distribution in 
the wavefront to assure highly periodic samples and to maximize the 
interference area on the sample, at the cost of some d-spacing fluctuations. All 
samples tested, however, are within this 310 – 350 nm range, usually two 
directions falling into the 310 – 335 nm range, and one in the 335 – 350 nm range. 
From UV diffraction, it appears there is a super structure in the system, visible by 
the 4 bright peaks marked by red arrows in Figure 5.15, which correspond to a 
~840 and ~1740 nm structure. This is most likely caused by weak internal 
reflections at the glass-air interface that sandwiches the sample, that overlays an 
additional faint interference pattern on the system during HP. 
It is difficult accurately define the diameter of hexagonally packed 
cylindrical electrolyte channel, since there is a radial concentration gradient 
centered on the cylinder’s longitudinal axis. It could be reasonable to assume that 
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the effective diameter is the diameter of the exposed wells whose electrolyte was 
evacuated by the painter’s tape surface treatment, and in this case, most of the 
diameters of the electrolyte nanochannels are between 50 – 150 nm. There is 
some inaccuracy introduced in this image analysis technique because the sample 
burnt when exposed to the beam for longer than a few minutes. This is most 
likely due to degradation of the TFSI anion, as it is the most unstable component 
of the system, which will be discussed more in detail in Chapter 8. However, 
through both SEM and UV-vis it is clear that the electrolyte nanochannels are 
regularly patterned with long-range order. 
5.4  Isotropic 
 
Figure 5.16 - Optic setup for isotropic samples. 
 A sample of iPEM•i25 was microtomed, stained with RuO4, and imaged 
with TEM, shown in Figure 5.17. The structure could not be clearly seen. These 
samples are optically transparent; both of these observations indicate that either 
the system is well mixed, or the phase separation is well under 20 nm. 
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Figure 5.17 - TEM micrograph of iPEM•i25.  
5.5  DSC 
To investigate the different phases of the membranes, DSC was performed 
on iPEM•i0, and 15, 25, and 35 wt% of each of the four nanostructures, shown in 
Figure 5.18. The iPEM•i0 shows one Tg at 68°C, which is from the pure 
photoresin; the Tg here is quite broad, indicating a broad range of crosslinking 
density. The pure PEG-TFSI electrolyte is shown in the bottom of Figure 5.18. 
There is a recrystallization at -47.5°C, and melting at 1.45°C, associated with the 
low Mw PEG. The PEG-TFSI also exhibits a Tg at -72.6°C. Although this 
temperature is very close to the DCS chiller’s limit of 90°C and may not be real, 
this Tg looks very different from the other samples’ slope change near 90°C, and 
thus is likely the real Tg. As electrolyte is added to the iPEM•i system, there 
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remains one Tg, and it shifts to lower temperatures, since the electrolyte is 
plasticizing the crosslinked photoresin. Interestingly, the iPEM•i35 sample also 
show smaller recrystallization and melting peaks at -30.4°C and -2.15°C. For the 
case of all the hPEMs, there are two distinct Tgs evident, indicating there are two 
phases present: resin-rich and highly plasticized resin. Generally lower Tgs 
should indicate a higher plasticizing effect from the electrolyte. 
 
Figure 5.18 – DSC second heatings at 10°C/min of PEMs (top) and pure 
electrolyte (bottom). 
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Figure 5.19 – Tg temperature versus electrolyte content from DSC. 
A plot of the Tg temperatures versus electrolyte content is shown in Figure 
5.19. Generally, hPEM•H and T exhibited higher resin Tgs than hPEM•R. This 
indicates that the crosslinking increases when inert material is loaded. Once this 
prepolymer syrup is exposed to an interference pattern, only certain volumes 
begin polymerizing, after which there is a continuous material feed into the 
polymerizing matrix, which allows for a more complete crosslinking. The 
hPEM•R is slightly lower than the iPEM•i Tg for all loading, indicating the 
crosslinking density is lower for this geometry. This could be an effect of 
shrinkage in the system, as the material tends to shrink preferentially in the 
direction of the material flow; in the case of hPEM•R, this leads to the membrane 
wanting to become thinner. However, the glass bead spacers greatly inhibit the 
shrinking effect in this direction, which could lead to internal stress-induced 
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swelling of the electrolyte into the resin to accommodate the volume change 
during the reaction. 
5.6   Conclusions 
Four different well-controlled structures with long-range order were 
fabricated. There are two distinct phases in the hPEMs, electrolyte-rich and resin-
rich, and one phase in the iPEM•i, where the electrolyte and crosslinked resin 
mix. Both the homogeneity of surface and internal bulk structure was confirmed 
using various light scattering techniques and electron microscopy. At lower 
electrolyte contents, there are confined droplet formations; as the electrolyte 
content is increased, the droplets impinge on each other to form continuous 
confined geometries. Overloading the system with electrolyte tends to sacrifice 
the integrity of the resin-rich layers. 
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Chapter 6 Macro- and Nanomechanics of Holographically 
Polymerized Polymer Electrolyte Membranes 
 Since mechanical properties are critical for inhibiting Li dendrite growth, 
they were investigated using tensile and AFM. AFM was simultaneously used as 
additional technique to confirm the existence and quality of the HP 
nanostructures. The structure-mechanical property relationship is shown and 
discussed; the HP patterning effect shows an increase to bulk mechanical 
properties, and shifts the mechanical percolation threshold to higher electrolyte 
contents. 
6.1  Tensile  
 Tensile tests were performed on iPEM•0 and iPEM•i20-40 samples as a 
baseline for comparison to any bulk changes due to the nanostructuring, as well 
as hPEM•R20-40 and hPEM•H35 in two directions. At least 4 specimens were 
tested for each sample type, and the sample with the most “average” specs, and 
the overall averages of modulus, max stress, and strain at break, are shown in 
Figure 6.1. Both iPEM•i and hPEM•R show a decrease in modulus and max 
tensile strength as more electrolyte is added. The strain at break increases as 
electrolyte is added to 0.6 for iPEM•i30, and then decreases as further electrolyte 
is added. For the range of electrolyte loadings tested, hPEM•R saw a continuous 
increase to the elongation before break as electrolyte was added. 
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Figure 6.1 – Calculated modulus (a), max strength (b), strain at break (c), 
and stress-strain curves of iPEM•i (d) and hPEM•R (e), with a scheme 
of hPEM•R shearing shown in bottom inset. 
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There are 5 distinct types of stress-strain curves seen here; the iPEM•i 
samples exhibit four of these types. First, (Type I) iPEM•0 exhibited brittle 
failure, and exhibited the highest modulus by a large margin, which are both 
expected since it is a highly crosslinked network. The second type of curve 
occurred with iPEM•i20 and i25, where the material elastically deformed before 
yielding (Type III). This led to considerable maximum tensile strengths of ~10 
MPa. The third type of curve is seen with iPEM•i30 to i35, where the material 
almost instantly yields (Type IV). This results in moderately low max tensile 
strengths. The last curve is the same as Type IV, except the membrane breaks 
very early on (Type V). For iPEM•i gratings, there is no anisotropic 
polymerization that results in a long-range structured network. This means that 
the modulus of the membrane is simply related to the inherent bulk gel-like 
cross-linked network resistance to deformation, which is ultimately dependent 
on resin concentration. 
Most interestingly, however, are the four distinct shapes of the stress-
strain curves for hPEM•R, only three of which overlap iPEM•i. After the brittle 
hPEM•0 sample (Type I), the hPEM•R20 and R25 samples exhibit a semi-brittle 
behavior (Type II), in that they yield slightly and then break at an elongation of 
~0.05. This type of curve is not observed with iPEM•i. As more electrolyte is 
added, the hPEM•R30 and R35 samples experience elastic deformation before 
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yielding, with a long plastic deformation regime at nearly a constant stress before 
breaking (Type III). The fourth curve type is seen at hPEM•R40, where the 
sample almost immediately yields (Type IV). 
Since there is no organized structure in iPEM•i, the shift from Type I to 
Type III to Type IV must be related to the volume fraction of electrolyte in the 
crosslinked resin matrix. It is assumed here that the crosslinked networks are 
fully interconnected on the macroscale. Type IV, however, must have similar 
electrolyte contents in the crosslinked resin as Type III due to its immediate 
yielding, but the system is overloaded with electrolyte. This results in semi-
isolated crosslinked networks, and explains why the iPEM•i40 samples break at 
very low elongations.  
Next, remembering that the two phases in hPEM•R are not pure but 
rather resin-rich and electrolyte-rich, the following can explain the critical 
differences in the four curve types observed. For Type II seen with hPEM•R20 
and 25, there is sufficient cross-talk between the layers to inhibit any significant 
shearing between the layers. This means during tensile, the layers themselves are 
being pulled on. There are three critical thresholds for mechanical percolations, 
who of which are observed in hPEM•R; the first is between Type II and Type III, 
and the second is between Type III and Type IV. 
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The first mechanical percolation is provided by a combination of high 
phase separation provided by the HP technique, and the high density of 
crosstalk of these resin layers through the electrolyte channels, depicted in the 
bottom inset of Figure 6.1. The cross-sectional area of the crosstalk webs for 
hPEM•R25 is nearly the same as the resin layers, and the fraction of crosstalk in 
the electrolyte layer is ~50%, as evidenced by TEM. Additionally, in the crosstalk 
volumes it is likely that the resin concentration is similar to the resin-rich layers. 
For Type III, hPEM•R30 and R35, the volume fraction of crosstalk cross-sectional 
area is greatly reduced. This allows for the resin layers to plastically shear as the 
crosstalk webs are sheared and extend greatly, whose high extensibilities are 
allowed by the initial higher electrolyte fraction in the crosstalk webs. TEM 
shows for hPEM•R35 that the resin-rich layers are not as volumetrically 
percolated as at lower electrolyte loadings. It is probable that the resin-rich layers 
were intact prior to cutting, and the shear force from the microtome blade tore 
apart some regions whose mechanical percolation within the layers were not 
complete. 
The second mechanical percolation threshold is between Type III and 
Type IV, where the sample begins to yield almost immediately, leading to very 
low max tensile strengths. This percolation threshold is the point at which the 
resin-rich layers themselves can no longer act as a semi-brittle load bearing 
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scaffold, due to the electrolyte perforations in the resin-rich layer. Notably, the 
second mechanical threshold occurs between 35 and 40 wt% for hPEM•R, and at 
lower loadings between 25 and 30 wt% electrolyte for iPEM•i. 
The third critical percolation threshold that is not seen within the range of 
electrolyte loadings tested for hPEM•R, but is seen at iPEM•i40. This is where 
the electrolyte overloads the system and results in semi-isolated crosslinked 
networks. Due to the anisotropic polymerization provided by the HP process, 
this semi-isolated network structure is shifted to above 40 wt% electrolyte in the 
hPEM•R structure. 
 Since the second mechanical percolation threshold is shifted by ~10 wt% 
electrolyte between iPEM•i and hPEM•R, and the first threshold is shifted by at 
least ~10 wt%, the relative concentrations in the iPEM•i can be considered most 
similar to their hPEM•R counterparts with a ~10 wt% higher electrolyte loading. 
In addition to the shapes of the stress-strain curves, this 10 wt% electrolyte shift 
can be clearly seen in the modulus versus electrolyte loading plot, where the 
modulus values of hPEM•R30-35 are similar to iPEM•i20-25, and hPEM•R40 
with iPEM•i30-40. If we take this one step further, we can attempt to quantify 
first mechanical percolation threshold seen in hPEM•R using the modulus 
versus electrolyte graph in Figure 6.1c. Since the thermodynamics of the system 
change the driving forces as more electrolyte is added, it is most fair to use the 
115 
 
iPEM•0 and hPEM•R20-25 samples where the behavior is still semi-brittle, and 
the network is still highly intact, evidenced by the TEM images. Fitting linearly 
on these points, it is found to be Modulus = (Electrolyte wt%)*-0.878 + 3.1045, for 
which the y-intercept should be the critical semi-brittle mechanical percolation 
threshold, and is calculated at 35.4 wt%. This does not mean that mechanical 
percolation requires 35.4 wt% electrolyte, but rather if the thermodynamics did 
not alter the HP grating formation at higher electrolyte loadings, the critical 
overall resin loading to experience semi-brittle failure in the resin-rich regions 
64.6 wt%. The premise behind this linear fitting is that if the brittle behavior 
requires a critical amount of electrolyte, or lower, vitrified within the resin 
network, then this critical overall electrolyte loading is the point at which there is 
no longer enough resin material to makeup the continuous layers anymore – past 
this point, then the layers themselves will be isolated blobs of brittle networks, 
where the bulk mechanics are that of the surrounding electrolyte matrix. Of 
course, this does not actually happen because thermodynamics begins to 
compete with this behavior between 25 and 30 wt%, and more electrolyte is 
vitrified in the resin, plasticizing the layers. The second mechanical percolation 
threshold for iPEM•i occurs between iPEM•i25 and i30, which is also offset by 
10 wt% versus the hPEM•R samples. Although the shape of the curve is similar 
for iPEM•i40, the extensibility is significantly decreased, shown in Figure 6.1e. 
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This is likely because the crosslinked network does not have enough material to 
have a fully interconnected network, but rather there are many smaller isolated 
networks, loosely connected to one another. Since the limiting factor in this 
system is the density of connection between isolated crosslinked networks, these 
connections will be the first to molecularly rearrange themselves to elongate, 
since the stress on these chains is much higher. Since the stress is much higher in 
these connections, the force required to break the crosslinked network 
connections is much lower, hence a lower strain at break. 
6.2  AFM 
AFM is a unique tool to explore the nanomechanics of materials. In our 
case, understanding the nanomechanics is especially important since the Li 
dendritic failure mechanism begins on the nanoscale. The effects of phase 
separation on the mechanical properties can be quantified and compared 
between iPEM•i and hPEM. Additionally, AFM can be used as structure 
characterization tool. 
AFM was performed on PEM•0, iPEM•i25 and iPEM•i35 as baselines for 
comparison, shown in Figure 6.2, and hPEM•T25, T35, H25 and H35, shown in 
Figure 6.3 and Figure 6.5. Log(modulus) plots are shown for greater image 
clarity. First the general morphology of the baseline samples and iPEM•i will be 
discussed. In agreement with the TEM image, there is no apparent organized 
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structure. There is apparent phase separation between the electrolyte and 
photoresin, which is not in agreement with TEM or DSC, which indicates the 
polymerization-induced phase separation (PIPS) is very small or fully mixed. 
Most likely this is an artifact of the painter’s tape surface treatment that 
preferentially evacuated the surface of excess electrolyte, and induced surface 
phase separation. 
 
Figure 6.2 - AFM modulus maps of PEM•0 (a), iPEM•i25 (b) and 
iPEM•i35 (c) Images are 10 x 10 µm. Scheme of painter’s tape surface 
treatment, on hPEM•T for clarity (d). 
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Comparing the hPEM•T gratings in Figure 6.3 to iPEM•i, the lamellae 
structure is evident. As similarly experienced in SEM characterizations, it is most 
difficult to clearly resolve the membrane topology when the electrolyte loading is 
less than 35 wt%. The hPEM•T gratings were oriented on the AFM stage such 
that the lamellae were vertical with the imaging. The electrolyte layers can be 
seen in hPEM•T25, albeit muddled with resin cross-talk. The crosstalk in this 
case can be seen via a high modulus in the electrolyte nanochannel. The 
electrolyte channels in the hPEM•T35 images are more clearly resolved, and 
generally much less cross-talk is observed. 
 To convert this modulus map into a bulk-material modulus, the rules of 
mixtures were applied: 
               )   EQUATION 6.1 
       (
 
  
 
   
  
)
  
 EQUATION 6.2 
where   denotes the volume fraction of filler, or electrolyte in this case, and    
and    are the moduli for the matrix and filler, respectively. To determine the 
moduli, 20 line scans for each sample were collected, perpendicular to the 
lamellae direction; one such example is shown in the bottom of Figure 6.3. The 
high and low peak values were collected, and attributed to the modulus of the 
resin-rich layers, and electrolyte-rich layers, respectively. In some cases, the 
lower electrolyte-rich peak value is similar to the resin-rich value, such as the 
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right-most yellow arrow in the line scan example. This is due to the cross-talk of 
the resin in the electrolyte-rich lamellae. If these lower peaks were higher than 
the average value of the entire modulus map, it was instead included with the 
resin values. It is difficult to approximate   since the resin layers contain a 
portion of electrolyte, and vice versa. Since       is effectively the linear average 
of the two components, this value was simply the average modulus of the 
modulus map, or      , and Equation 5.4 could then be used to back-calculate  . 
The map average can be calculated conveniently by the Nanoscope software 
using the roughness module. The overall average of the line scan data manually 
taken was in good agreement with the overall average, indicating the sample size 
is sufficient. For the iPEM•i baseline samples, line scans were performed and the 
average ± the standard deviation were used as the bulk minimum and maximum 
values, since the Nanoscope roughness module does not report error or a 
standard deviation, and there was no discernable peak values to use with 
Equations 6.1 and 6.2. 
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Figure 6.3 - AFM height (top) and modulus (middle) maps of hPEM•T25 
(left) and hPEM•T35 (right), with an example of a line scan for 
hPEM•T25 (bottom). Green arrows indicate values for Em, light green 
the crosstalk, and yellow the values for E f.  Images are 10 x 10 µm. 
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Table 6.1 - Line scan min-mix peak values, and the bulk modulus range 
from rules of mixing. 
 
 
Figure 6.4 - Bar graph showing the line scan min-mix peak values taken 
as Ef and Em, and the bulk modulus range from rules of mixing. 
 The average minimum and maximum peak values from the line scans, 
and the calculated bulk modulus ranges using the line scan data are shown in 
Figure 6.4 and Table 6.1. Starting with the baseline samples, there is a large 
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decrease (52%) in modulus jumping from PEM•0 to iPEM•i25, and a decrease 
(76%) to iPEM•i35. This drop is lower than expected, but within reason because 
the compression modulus, versus tensile, should be less sensitive to the 
crosslinking density, and much more sensitive to the plasticizer loading, in this 
case the electrolyte. The corresponding drops in modulus via tensile are 84% and 
96%, respectively. The hPEM•T samples, on the other hand, retain their 
mechanical properties much better. This is simply due to the fact that the 
mechanical load bearing resin has significantly less electrolyte plasticizer. 
 hPEM•H25 and H35 samples were also imaged, shown in Figure 6.5. The 
structure can be seen beautifully, especially in hPEM•H35. The six-fold 
symmetry can be seen clearly, and the d-spacings were measured from the 
images at 325, 333, 348, and 325, 336, 347 nm for hPEM•H25 and H35, 
respectively, which is in excellent agreement to both UV-Vis and SEM. The same 
line scan method was used to determine the bulk modulus according to the rules 
of mixing, shown in Figure 6.4. The mechanical properties are largely retained, 
even at hPEM•H35, where the hPEM•T35 and especially iPEM•i35 samples 
have significant mechanical loss. This can be explained by the geometry; in the 
case of iPEM•i, as previously discussed, the modulus is dependent on the 
amount of electrolyte in the crosslinked matrix, since it is largely a gel. For 
hPEM•T, while the layers themselves have low electrolyte due to the anisotropic 
123 
 
polymerization, when the electrolyte is overloaded in the system and removes 
the cross-talk support beams, the layers are more free to bend and buckle. In 
addition to the low electrolyte content in the resin domains, hPEM•H has a two-
dimensional support structure that is highly resistant to buckling, which should 
maintain a high compression modulus as long as the resin layers can mechanical 
percolate in the orthogonal direction to the compression force. Interestingly, it is 
quite possible that the post-cured polymer’s network formation is visible by the 
star-like texture around the highly polymerized resin patterns in hPEM•H35. 
Though outside the scope of this work, combining AFM with this formulation 
could offer a unique perspective on asymmetric polymerization diffusion and its 
kinetics. 
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Figure 6.5 - AFM height (top) and modulus map (bottom) of hPEM•H25 
(left) and hPEM•H25 (right).  Images are 10 x 10 µm. 
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Figure 6.6 - AFM Temperature scans images of RT through 90°C at 10° 
intervals. Top left shows plot of modulus versus temperature.  Images 
are 3.5 x 2.5 µm. 
Since a lot of our conductivity and Li metal testing will be done at 
elevated temperatures, which will be discussed in more detail in the following 
two chapters, it is important to measure the high temperature modulus. To do 
this with the equipment available, an AFM temperature scan was performed on 
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hPEM•H35, isothermally treating the sample for 10 minutes at each temperature. 
The resulting modulus maps are shown in Figure 6.6, along with a plot of the 
calculated bulk modulus versus temperature using the same line scan technique. 
Up until 50°C, the mechanical properties are well-retained. Between 50°C and 
70°C, there is a ~85% drop in modulus, and thereafter seemingly stable at this 
new modulus range. This is lower than the 79.4°C Tg observed with DSC. This 
discrepancy could be due to an enhanced surface wetting of the electrolyte at the 
glass interface during HP to lower the surface free energy of the prepolymer. It is 
observed in all PEMs with electrolyte contents higher than 25 wt% that the 
surface is wet. This translates to a higher overall electrolyte loading on the 
surface of the PEM at network gelation. Despite this discrepancy, this topological 
information is very important to help understand the nanomechanics as it relates 
to initial Li dendrite nucleation and growth, since this same excessively wetted 
surface will be in contact with the Li metal. 
 Overall, there is large discrepancy between modulus measured with 
tensile and AFM. The modulus from tensile is 54.8, 84.9, 94.1, 73.3, and 78.6 % 
lower than AFM for PEM•0, iPEM•i25, iPEM•i35, hPEM•T/R25, and 
hPEM•T/R35, if we assume the two different directions on hPEM•R and 
hPEM•T are comparable. There are five possible contributions to this. Firstly, 
since we do not know ν for the PEMs, there is up to an inherent 4-25% error with 
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the DMT model.326 If we use ν = 0.3 for the PEMs, then there is a 9% over-
estimation to the modulus, and with ν = 0.35, there is a 12% over-estimation. 
Secondly, polymers generally have a compression modulii that are 20-30% 
higher than tension.336 Thirdly, strain rates have been shown to have an effect on 
measured modulus values; at increased strain rates, the measured modulus 
tends to increase.337, 338 The strain rates should not vary more than an order of 
magnitude, however, so this should not contribute more than ~5-10% error. 
Fourthly, the tip geometry beyond the end radius is generally not considered, 
which is not usually a concern for more rigid samples; however, since in peak-
force mode the tip digs into the sample, quite considerably for the squishy 35 
wt% electrolyte samples, the actual compression and shear volume may be 
underestimated with DMT, resulting in an overestimation of the modulus. Fifth, 
due to the excessive wetting of the electrolyte, the surface of the PEMs were 
treated with tape to partially dewet the surface to obtain more accurate results. 
Several different tapes were tested, and the barely-sticky painter’s tape produced 
images with the most clearly defined two phases. However, it is possible that too 
much electrolyte was evacuated from the surface, which induced higher moduli 
values. It is difficult to say if one testing technique is more accurate than the 
other for this application. When nucleating, Li dendrites are generally nanosized, 
which would be more appropriate for AFM characterization. Initial Li nucleation 
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and growth are also entirely dependent on the PEM-Li metal contact, whose 
properties the AFM surface technique is ideal for. When Li dendrites are 
nucleated and propagating through a PEM, it can reach microns or tens of 
microns in size, where the bulk modulus would be more relevant to Li dendrite 
growth suppression. In this case, either tensile or the bulk mixing calculations 
from AFM may be more relevant. It is important then to understand both the 
nanomechanics and bulk mechanics of the PEMs to better interpret the system’s 
interactions with Li. 
6.3  Conclusions 
 The structuring process decreased the mechanical percolation threshold 
by ~10%, potentially allowing for a lower loading of electrolyte while still 
retaining high mechanical properties. There is a critical shift in mechanical 
properties at around 60°C; thus, there will be two critical temperature domains 
to pay attention to when planning for coin cell assembly with regards to 
modulus and mechanical creep then: above and below 60°C. 
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Chapter 7  Ion Transport Control of Holographically 
Polymerized Polymer Electrolyte Membranes 
 Polymer films with directional preference for ion transport are desirable 
for electrochemical,63, 328 purification,339, 340 sensor and stimuli-response,341 and 
organic transistor342 applications as the anisotropy can increase  mass transport 
efficiency, permeability, sensitivity and response times, and reduce gate leakage 
in the non-preferred direction. Anisotropic ion conducting films were first 
reported in 1995 in Nafion films after melt processing, where an anisotropy of  
1.4 was reported.343 Since then, applying external mechanical,52, 343-345 electrical52 or 
magnetic fields,76, 77 solvent casting methods,346 electrospraying block-co-
polymers (BCPs),347 liquid crystals polymer templating,345, 348-350 and tailoring 
crystalline polymer morphology have been demonstrated to increase ion flux 
anisotropy in polymer electrolyte films; however, there remains hurdles for each 
of these techniques to effectively direct ion transport, both from processing and 
device standpoints. Conductivity anisotropies of up to 10-12 can be achieved 
with single-step solution casting,346 and higher anisotropies can be demonstrated 
via secondary processing techniques: 20 for mechanical stretching,351 75 for melt 
pressing diblock-copolymers,352 and approaching 1000 for liquid crystalline BCPs 
aligned under an external 6 T magnetic field.76 We have previously demonstrated 
HP as a facile one-step method to fabricate PEMs with anisotropies of up to 5000; 
however, these PEMs either did not exhibit optimal continuous electrolyte 
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networks, or did not use a Li salt for battery applications.320, 321 
 In this chapter the exceptional ion transport control provided by the 
optimal geometry in this formulation will be demonstrated. The ion transport 
properties will be thoroughly investigated for four different ion confined 
pathways to understand the nanostructure confinement effects on the ion 
transport. The four PEMs used were: iPEM•i, hPEM•R, and H, where ⊥ and ∥ 
denote the measuring direction, in relation to the membrane, parallel to the 
normal and the film’s plane, respectively. Thus, ⊥iPEM•i, ⊥hPEM•R and 
⊥hPEM•H were tested, and in lieu of hPEM•T, ∥hPEM•R was tested due to its 
better handleability at higher electrolyte contents. Each assembly was tested with 
varied electrolyte loading from 15 to 45 wt% in increments of 5 wt%, at 35°C to 
115°C. The temperature effect on ion transport was investigated because 
temperature plays a critical role to the SEI and Li dendrite kinetics, discussed 
more in the next chapter. The matrix effect on the ion flux as it relates to Li+ 
transference number and the effective ion concentration will be investigated. 
Finally, the mechanical-ionic conductivity relationship will be associated to 
demonstrate the decoupling capabilities of HP. 
7.1  Ion Transport Near Room Temperature 
 The structure-property effects of the 1D lamellae morphology will be 
discussed first. The normalized conductivity for the iPEM•i, hPEM•R and select 
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hPEM•T samples are shown in Figure 7.1. The normalized conductivity here is 
the conductivity divided by the weight fraction of electrolyte. hPEM•T is 
somewhat difficult to handle in the glovebox, since the membranes are quite 
thin, t =23 µm, and the electrolyte lamellae were continuous with little to almost 
no crosstalk at higher electrolyte loadings, allowing for easy membrane ripping 
along the lamellae. hPEM•R gratings instead were tested in-plane (∥) to the 
membrane. For verification that the hPEM•T structures and conductivities are 
comparable to hPEM•R, hPEM•T20, T30 and T40 samples are also shown, and 
the corresponding Nyquist plots are shown in Figure 7.2. The membranes with 
20 wt% or less exhibited very poor contact with the stainless steel (SS) electrodes. 
To attempt to alleviate this, the membranes were annealed in the electrodes at 
50°C for 30 minutes before beginning to isotherm at 35°C. Generally, the 15 wt% 
samples all still had fairly poor contact due to the poor surface wetting of the 
membrane, and brittle, highly cross-linked resin. The EIS equipment also has a 
reasonable limit with regards to signal to noise ratio at around 5*109 Ω, which 
these low electrolyte loadings were close to.  
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Figure 7.1 – Normalized conductivities of iPEM•i (blue diamond), and 
through-plane (⊥) and in-plane (∥) with respect to the membrane for 
hPEM•R (purple circle, hollow green circle), and corresponding ionic 
conductivity anisotropy at 35°C (hollow yellow pentagon). Inset scheme 
depicts ion flux direction. 
 In Figure 7.1, starting with iPEM•i15 and moving across the graph to 
iPEM•i45, there is a large percolation transition between iPEM•i15 and 
iPEM•i25, where the conductivity jumps 4.5 orders of magnitude. The curve for 
⊥hPEM•R trends very similarly as the iPEM•i; at lower electrolyte contents, the 
conductivity is very low, and passes through a percolation transition of 6 orders 
of magnitude for conductivity from ⊥hPEM•R15 to ⊥hPEM•R35. ∥hPEM•R 
exhibits an overall very different trend. At ∥hPEM•R15, the conductivity is much 
higher than either iPEM•i or ⊥hPEM•R. As electrolyte is increased, there is 
much less pronounced percolation-like behavior of 2 orders of magnitude to 
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∥hPEM•R25, where thereafter the conductivity plateaus. To confirm that 
∥hPEM•R is a good representation of ⊥hPEM•T, T20, T30 and T40 samples were 
measured, whose conductivities are shown in Figure 7.1 with green triangles, 
and whose Nyquist plots are in Figure 7.2. There was a good agreement between 
these two setups. The anisotropy for the 1D lamellae is shown in Figure 7.1 with 
hollow yellow pentagons. Since the ∥hPEM•R membranes are all relatively 
conductive due to the high quality electrolyte morphology, the anisotropy in this 
case largely arises from the ion-blocking characteristics of the resin layers. The 
anisotropy (A) is described as: 
   
 ∥
  
 EQUATION 7.1 
At lower electrolyte loadings, the anisotropy is exceptionally high, reaching for 
30.0k for hPEM•R15, which is higher than any value reported in literature, to the 
best of our knowledge. As more electrolyte is added, although the ∥hPEM•R 
conductivity increases 1.5 orders of magnitude from R15 to R25, the anisotropy 
still decreases, due to the severely lessened ability for the resin to block the ion 
diffusion. 
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Figure 7.2 – Nyquist plots of ⊥hPEM•T20 (green circles), T30 (blue 
triangles) and T40 (red rectangles) at 35 (dark color, horizontally 
elongated), 55 (medium color) and 85°C (light color, vertical), showing 
the lamellae ionic characteristics are similar for both optical setups.  
 Although the Nyquist plot is used to calculate the conductivity, the phase 
and Bode plots are rich with qualitative information and can be used to unpack 
the mechanisms behind the conductivity trends, particularly with deconvoluting 
the main four different ionic transport mechanisms: Li+ in PEO, Li+ in the resin, 
TFSI- in PEO, and TFSI- in the resin. Since the TFSI- ion is relatively large, the 
negative charge is delocalized from the imide anion.218, 221 Dielectric relaxation is 
difficult to measure in salt-doped polymers because the ions tend to diffuse, 
especially at lower frequencies. It has been shown that pure PEO typically has a 
dielectric relaxation of 0.2 GHz at -20°C353 and 6.3 GHz at 65°C.354 Thus, since the 
Li+ ion is highly complexed with the PEO, the higher frequency peaks will be 
attributed to the ions’ interaction with the PEO. These peaks in the ⊥ 
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measurement graphs are at higher frequencies than the instrument is capable of 
measuring, but the onset of the peak is seen generally at 106 Hz. It is a common 
phenomena to see an overall shift to lower frequencies in the phase plot with 
increasing electrode separation distance, thus absolute peak location is not a 
material property.355 These same peaks are seen in the ∥ measurements at roughly 
50 – 10k Hz, due to the large increase of electrode separation distance. The lower 
frequency peaks that appear around 100-1000 Hz for ⊥ and 10-100 Hz for ∥  
measurements will be attributed to the ion interaction with the resin. 
 
Figure 7.3 - Bode (a), phase (B), and Nyquist (c) plots of the PEG-LiTFSI 
electrolyte. 
 The Bode, phase and Nyquist plots for the pure electrolyte are shown in 
Figure 7.3. A liquid electrode setup was used with relatively large electrode 
separation distances, thus the peak for the ion diffusion interaction with PEO is 
seen at 28 Hz at 35°C. This peak shifted up to 120 Hz at 105°C, corresponding to 
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a decrease in viscosity in the electrolyte. At lower frequencies, a steady state 
diffusion is observed at all temperatures, evidenced by a plateau in the Bode plot 
and near a 0° phase lag in the phase plot, which is enabled by the electrode 
geometry. At higher frequencies, the measurements are limited by the 
impedance of the wire running to the sample, since the sample has a low 
resistance. 
 Next, the effects of introducing the resin isotropically into the system will 
be discussed. The Bode, phase and Nyquist plots for iPEM•i35 are shown in 
Figure 7.4. In Figure 7.4b, for the iPEM•i25 to i45 samples, the peak associated 
with the ions’ diffusion in the PEO is above the instrument’s capabilities, and 
only the onset of the peak can be seen. The peak and plateau at 100 Hz and lower 
here is the Warbug impedance caused by the SS blocking electrodes and cell 
geometry. In the iPEM•i15 and i20 samples (blue and light blue) that are below 
the percolation threshold have a significant impedance peak at ~100-1000 Hz. 
This could mean one of two things. Since the system is well mixed, the resin 
matrix must have a high enough concentration and crosslinking density to 
increase the viscosity, and impede the ion diffusion. As the electrolyte loading is 
increase, the impedance peak, and then the onset of the peak when it shifts off 
the graph, appears to shift to higher frequencies. This trend is associated with the 
PEG slowly dominating the dynamics of the system, which also explains why the 
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percolation-like behavior in Figure 7.1 is so broad. 
 
Figure 7.4 - Bode (a), phase (B), and Nyquist (c) plots of iPEM•i. 
 Next, the HP structuring effect will be examined. With ⊥hPEM•R, the 
conductivity in the system is most closely related to the resin-rich lamellae, since 
this functions as a limiting factor for ion diffusion in the membranes. The Bode, 
phase and Nyquist plots for ⊥hPEM•R are shown in Figure 7.5. Starting with the 
similarities, in Figure 7.5b, the ⊥hPEM•R30-45 samples all have a impedance 
peak associated with the ion-PEG interaction at high frequencies, and the onset 
of this peak can be seen at 1k-10k Hz. At lower frequencies in these samples, the 
Warbug impedance is observed. The ⊥hPEM•R15-20 show an impedance peak at 
lower frequencies of ~50-200 Hz, which indicates that at these lower electrolyte 
loadings, the resin is dominating the system as well. The ⊥hPEM•R25 also shows 
a lower frequency peak at ~20k Hz, indicating there also is a resin effect, though 
138 
 
lesser, on the PEO dynamics. There is an additional mechanism behind this that 
is not associated with the iPEM•i samples, however. As the electrolyte content is 
increased, there are two major effects. The first is the portion of vitrified 
electrolyte in the resin layers increases, which is the same mechanism observed 
in the iPEM•i samples, and explains the relatively broad percolation behavior. 
This is evidenced by the upshift in frequency for the diffusion peak. The second 
mechanism is due to the phase separation in the system, and can be explained 
with the TEM images. High quality ion-blocking lamellae are formed at lower 
electrolyte loadings, which means that the limiting factor for measuring ion 
conductance in the ⊥hPEM•R direction is how well the resin layers can impede 
the ion diffusion. At ~35 wt% and higher, where the crosslinked network within 
the volumes of constructive interference during HP begins to have excessive 
electrolyte, the resin starts phase separating with the electrolyte during 
polymerization. This results in perforations within the resin lamellae, 
significantly reducing their effectiveness at lowering the ion diffusion in the 
direction to their normal. This perforation is also supported by the distinct types 
of stress-strain curves discussed in Chapter 6. Interestingly, at ⊥hPEM•R25 and 
R30, where the ion diffusion peak is already shifted to much higher values, 
indicating PEG is beginning to dominate the dynamics of the system, the 
conductivity is still quite low. This indicates that the phase separation within the 
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resin lamellae is not complete enough to form PEO-rich perforations, and the 
mixing mechanism is still dominant. This is supported by the hPEM•R25 image 
in that the continuity of the resin-rich lamellae is still well-maintained. According 
to TEM, as the electrolyte is further increased to ⊥hPEM•R35, the resin layer 
begins to perforate, which allows for full ion percolation across the resin layers. 
Correspondingly, the ionic conductivity plateaus at ⊥hPEM•R40 to R45, where 
the conductivity is no longer a function of structure. 
 
Figure 7.5 - Bode (a), phase (B), and Nyquist (c) plots of ⊥hPEM•R. 
 ∥hPEM•R is measured along the electrolyte lamellae direction, and thus 
the limiting factor is largely how pure the electrolyte domains are. The Bode, 
phase and Nyquist plots for ∥hPEM•R are shown in Figure 7.6. At ∥hPEM•R15-
20, the conductivity is relatively low, and again the same ion-resin phase peak 
can be seen at 12 and 250 Hz in Figure 7.6b. This is caused by the droplet 
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formation during HP; since the electrolyte-rich domains are not continuous, the 
ions must diffuse through resin-rich volumes. However, since the droplet inter-
distance within the confined layers is shorter than the lamellar thickness, the 
conductivity is still much higher than ⊥. As the electrolyte is increased, there are 
two observations. First, the electrolyte-rich domains become semi-continuous at 
∥hPEM•R25, associated with the peak shift to 4k Hz and higher. The peak 
position here is related to how liquid-like the electrolyte is, or how phase 
separated the components are. The second observation is a second peak at 0.5 – 2 
Hz for the ∥hPEM•R25-35 samples. This is likely due to the crosstalk in the resin. 
At higher frequencies, the mass diffusion is only from volumes with a high 
fraction of PEG. As the frequency is lowered, the crosstalk regions embedded in 
the electrolyte nanochannels begin to participate in diffusion as well, 
corresponding to a slight reduction to the resistance, seen by a step transition in 
the Bode plot approaching 0.1 Hz. For ∥hPEM•R40-45, this second peak is gone, 
indicating that the resin crosstalk no longer plays a significant role in mass 
diffusion. This is supported by TEM, as the crosstalk fraction in the electrolyte 
domains are greatly reduced already at 35 wt%, and the ∥hPEM•R40-45 
membranes would too easily shear during microtoming. 
 To briefly summarize this importance of this effect, HP partitioning 
effectively shifted the ion percolation threshold by about 10 and 15 wt% for in-
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plane to the nanostructure versus an isotropic structure and orthogonal to the 
nanostructure, respectively. This shift in percolation with respect to electrolyte 
loading is caused by the resin confinement effect offered by HP. By confining the 
droplets as they grow in size and numbers, there is an earlier onset to ion 
percolation. This allows for a lower end to the processing window, in that more 
resin could be used to beef up the mechanical properties in the PEM, while still 
maintaining bulk ion percolation, and thus high conductivities. 
 
Figure 7.6 - Bode (a), phase (B), and Nyquist (c) plots of ∥hPEM•R. 
 Normalized conductivities for ⊥hPEM•H are shown in Figure 7.7, along 
with iPEM•i and ∥hPEM•R previously discussed for comparison. The 
conductivity for ⊥hPEM•H15 is much lower than ∥hPEM•R15, whose 
measurement directions are both along the same directions to the droplet 
morphology assembled during HP. It is assumed here that at electrolyte contents 
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below the percolation threshold, hPEM•H also has confined droplets. Since the 
d-spacing in hPEM•H is nearly twice as large as hPEM•R, it is likely the pre-
coalescent droplets formed are also significantly larger, which would also 
translate to higher resin diffusion lengths for ion percolation. The percolation 
transition is much sharper for ⊥hPEM•H, which is due to the geometry of the 
droplet confinement, depicted in the inset of Figure 7.7. For ⊥hPEM•H, these 
pre-coalescent droplets are analogous to a string pearls, where hPEM•R are in 
more spread-out layers. Thus, it requires less electrolyte content to coalesce the 
two-dimensionally confined string of droplets, leading to the sharper percolation 
transition. The sharper percolation threshold may also be cause by a greater 
degree of phase separation, since there is radial diffusion here versus linear 
diffusion in the 1D lamellae structure, allowing for a more complete depletion of 
monomer in the volumes of destructive interference during HP, which is in good 
agreement with the DSC data for hPEM•H vs R. The conductivity plateaus even 
earlier at ⊥hPEM•H20 for the 2D morphology, giving rise to a 15% shift in 
percolation behavior when compared to iPEM•i. 
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Figure 7.7 - Normalized conductivities of iPEM•i (blue diamonds), 
∥hPEM•R (hollow green circles), ⊥hPEM•H (red squares), and 
∥hPEM•H30,⊥ (hollow dark red diamond) and ∥hPEM•H30, ∥ (hollow 
light red rhombus) at 35°C. Inset schemes depicts electrolyte 
morphology difference at the percolation threshold, and ion flux 
directions for the ∥hPEM•H30 data. 
 The Bode, phase and Nyquist plots for ⊥hPEM•H are shown in Figure 7.8. 
This percolation mechanism is confirmed by the low frequency peak at ~2500 Hz  
for ⊥hPEM•H15 in Figure 7.8, which shows that the ions are once again forced to 
diffuse through the resin domains. The ⊥hPEM•H20 already experiences a 
drastic upshift to the diffusion peak, to frequencies higher than we can measure, 
indicating that the electrolyte-rich phase separated domains become continuous, 
and the dominating factor for diffusion is the PEG-ion interaction. 
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Figure 7.8 - Bode (a), phase (B), and Nyquist (c) plots of ⊥hPEM•H. 
7.2  Temperature Effects on Ionic Conductivity 
 Temperature scans were performed on all of the aforementioned samples 
– 15 – 45 wt% electrolyte each for all four PEM assemblies. Most of the samples 
were performed only on a first heating, while some samples were done on a 
second heating. With the exception of the 15 wt% electrolyte PEMs that were 
annealed at 50°C as previously discussed, all data presented is a first heating, 
unless otherwise mentioned. A consolidated version of the data is shown in 
Section A.2, with a small select portion of this data shown in Figure 7.9. Notably, 
increasing temperature has a similar effect on the frequency shifts in the phase 
plot as increasing the electrolyte content. The first few data points on the right 
should be ignored, as the high frequency is near the limit of the instrument, and 
longer cable lengths to run into the glovebox introduced excessive noise. All of 
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the 2-point electrode setups show a decrease in the phase peaks with increased 
temperature, whilst all the 4-line samples exhibited a slight increase to the peaks, 
not including those that shifted to the right off the graph. This is due to the cell 
geometry, where the 2-point cells have a Warburg impedance element, and 4-line 
does not. For samples that are relatively conductive, such as the 35 wt% samples 
shown in Figure 7.9. There is a minor shift in phase behavior, which is due to the 
fact that the limiting factor for ion transport is the PEG, which does not 
significantly change compared to the resin. The most exaggerated changes 
shown here are in iPEM•i15, where the TFSI- in resin peak shifts 3 orders of 
magnitude. The shift for ∥hPEM•R15 is much smaller due to the diffusion length 
scale through the resin being much smaller. iPEM•i25 and ∥hPEM•R25 exhibit 
medium phase shifts, since they are just above the percolation threshold. 
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Figure 7.9 - Select phase plots from Section A.2. 
7.2.1  Pressure Effects at Elevated Temperatures 
 There were two major considerations with the temperature scans. Heating 
the samples or annealing them at elevated temperatures generally improved the 
contact between the PEM and SS electrodes. However, implementing the normal 
pressure exerted at room temperature when heating the samples up could 
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deform the nanostructure, both damaging the interface and increasing the 
resistance. To demonstrate this, two such heat-cool-heat scans are shown in 
Figure 7.10. In this case, ⊥hPEM•H30 was gently pressed by hand to introduce 
contact to the membrane, and a 500 g weight was used to keep the PEM-
electrode contact for the temperature profile. ⊥hPEM•H40, however, was 
pressed by hand, and then screw tightened to clamp the electrodes down. This 
sample is much squishier due to less resin content. In coin cell assembly, actual 
pressures exerted on the membrane are likely to be somewhere in between these 
two stresses. There is a significant irreversibility on the ⊥hPEM•H40 sample that 
was clamped down, where the ⊥hPEM•H30 sample that was gently pressed 
exhibited good reversibility, indicating the structure was maintained. Since the 
mechanical properties are decreased by almost an order of magnitude when 
heated up to just 90°C per the AFM temperature scan, it is likely the membrane’s 
structure collapsed from the shear. Not only does the sample want to expand 
when heated, but there is an initial stress at room temperature. The heat-cool-
heat temperature scans take about 6-8 hours each, during which time the sample 
will creep under these relatively high stresses. Since the electrolyte-rich regions 
have significantly inferior mechanical properties than the resin-rich, the resin-
rich is likely to occupy more interface surface area to compensate for the stress, 
providing poor contact and a falsely low conductivity value, indicated by the 
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hysteresis of resistance after the first heating of hPEM•H40. 
 
Figure 7.10 - Heat-cool-heat temperature scan profile of calculated 
conductivities from EIS on hPEM•H30 and H40 showing potential 
irreversibilities. 
 To investigate this further, two UV-Vis temperature scans with the same 
heat history profile were performed on 35R, one with 42 kPa of pressure from 
two binder clips, and one with no external pressure, for which the spectra are 
shown in Figure 7.11 and Figure 7.13 for without and with external force applied, 
respectively. First looking at Figure 7.11 where no pressure is induced, there is a 
general red shift as the samples are heated, and blue shift as they are cooled. The 
UV-Vis roll-off is nearly 0% for the entire temperature scan and the shape of the 
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peak is also uniform.  
 To take a more qualitative look at the behavior, the DEs and wavelength 
at the DE notch are shown in Figure 7.12. There is a minor hysteresis of the 
wavelength shift most visible at lower temperatures, which is probably an 
artifact of the slow cooling capabilities of the hot stage at close to room 
temperature. As described in more detail in Chapter 4, the samples on cooling 
were isothermed for 30 minutes at 35°C and 20 minutes at 45°C to attempt to 
alleviate this. On the other hand, the DE of the sample was completely reversible, 
suggesting at lower or no pressure, the structure is mechanically stable with no 
significant electrolyte swelling into the resin-rich layers, for which swelling is a 
typical phenomena previously reported for these types of HP membranes.321 The 
coefficient of thermal expansion (CTE) can be calculated using the DE notch shift, 
which is calculated to be 3.42 x 10-4 K-1 for the second heating starting at 45°C. 
This means that the sample will want to expand by 2.39 vol% over the range of 
35° to 115°C temperature range. 
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Figure 7.11 - UV-Vis spectra with same thermal history as the EIS 
temperature scans on an hPEM•R35 membrane with no external 
pressure. 
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Figure 7.12 – DE and location of DE notch in spectras from Figure 7.11. 
 Next, the sample under pressure is shown in Figure 7.13. There is 
noticeable roll-off introduced in the sample starting at around 85°C on first 
heating, and continuously gets worse throughout the temperature scan. 
Additionally, the shape of the DE notch begins to show distortion at around 75°C 
on first heating. Both of these are indicators that the lamellae structure is 
distorting, which could mean the layers are wrinkling due to the stress, or there 
is a mechanical shear induced swelling of weaker portions of the resin-rich 
layers, or a combination of the two. 
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Figure 7.13 – UV-Vis spectra with same thermal history as the EIS 
temperature scans on an hPEM•R35 membrane with the membrane 
clamped under 42 kPa of external stress applied. 
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Figure 7.14 - DE and location of DE notch in spectras from Figure 7.14. 
 The DEs and DE notch positions are plotted in Figure 7.14. For easy 
comparison between Figure 7.12 and Figure 7.14, the y-axis is on the same scale 
for each graph. The clamped samples show a very different DE behavior once the 
samples initially reach the Tg of the system; there is a 5% drop from 45°C to 
55°C, and thereafter there is a large downwards slope not seen in the no pressure 
samples. After this downward shift, there is a relative reversibility at low 
temperatures, but it seems there may be even further wrinkling or phase mixing 
upon second heating. The CTE here is calculated to be 2.62 x 10-4 K-1, which is 
23% lower than the sample without pressure. This further confirms the pressure 
effect induces these irreversible structure deformations. 
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 As such, care must be taken when loading these samples into the electrode 
assemblies. Generally, all of the samples were gently pressed by hand to 
introduce initial contact, and only the weight of the top of the stainless steel 
casing, hot stage cover plate, and occasionally a static weight exerted minimal 
stress. Additionally, some of the higher electrolyte loaded hPEM•R samples that 
were tested with the 4-line probe lost complete contact with the electrode due to 
the electrolyte being squished out of the membrane; to compensate, the electrode 
was turned upside down so that the electrodes were on top of the membranes, 
and gently laid with no exerted pressure. 
7.2.2  VTF Fitting 
 The PEMs were heated in increments of 10°C and isothermally treated for 
10 minutes before each point. The log of ionic conductivities versus 1000/T(°K) 
are shown in Figure 7.15 and Figure 7.16. For comparison, all the plots have the 
same y-axis, and the conductivities for pure LiTFSI-PEG are shown in green X’s. 
For membranes below the percolation threshold, there is a significantly lower 
conductivity at 35°C, and a much higher slope, corresponding to increased 
activation energies. This higher activation energy is due to the resin being the 
limiting factor in ion flux, whereas the flexible PEG chains generally have lower 
activation energies with Li salts. Once the percolation threshold is reached, all of 
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the temperature profiles exhibit very similar slopes, with the major visual trend 
simply being upshifts in the entire data curve. 
 
Figure 7.15 - Log of ionic conductivity versus 1000/T from EIS 
temperature scan profiles for iPEM•i and ⊥hPEM•R. 
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Figure 7.16 - Log of ionic conductivity versus 1000/T from EIS 
temperature scan profiles for ∥hPEM•R and ⊥hPEM•H. 
 The empirical Volger-Tammann-Fulcher equation has been shown to be 
an accurate fitting tool for many polymeric electrolytes when the temperature 
investigated is near a Tg.331 This modified VTF equation is: 
     
  
     
  
    
) EQUATION 7.2 
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where T0 is the critical temperature, often considered the equilibrium Tg of the 
ion-conducting polymer, T is the temperature, B is related to the activation 
energy, and A is related to the intrinsic diffusion parameter and effective ion 
concentration. The full list of fitting parameters are shown in Section A.3, while 
the T0 parameters are shown in Figure 7.17. For iPEM•i and hPEM•R, the T0 
parameter seems to have a tangible trend to the physical interactions within the 
membrane. At lower electrolyte contents, the systems are generally limited by 
the ions’ ability to diffuse through the resin-rich domains. As the electrolyte is 
increased, the resin is plasticized, and PEG-rich networks begin to percolate, 
lowering the overall effective T0. The general trend for all three assemblies is a 
convergence to the T0 of the pure PEG-LiTFSI. Although for most systems T0 is a 
good estimation of the Tg, it has been exposed that T0 is often 20-50°C lower than 
the system’s Tg, depending on the composition of the electrolyte.356 357, 358 The Tg 
for the PEG-LiTFSI electrolyte from DSC is 200.6°K, which is 53.3° higher than T0. 
For ⊥hPEM•R, it would be expected that T0 would be similar to the higher Tg 
from DSC, since the limiting factor for mass transport would be the ion-blocking 
resin-rich domains. This results in a -15.8 and -40.7°K error (T0 is lower) for 
hPEM•R15 and R25, respectively, which is similar to the error seen in other 
polymeric electrolyte systems. With iPEM•i15 and i25, the error is -20.7 and 
31.6°K. However, For the ∥hPEM•R samples, it is difficult reconcile the 
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differences between the Tg and T0. If we associate the lower Tg with the 
electrolyte domain, since with this geometry the electrolyte-rich domain is the 
limiting factor for mass transport, the errors are -110.5, -118.6 and -121.5 °K for 
∥hPEM•R15, R25 and R35, respectively. This larger error could be due to a 
nanostructuring ion-confinement effect, resulting in higher in-plane 
conductivities than expected based on the Tg. 
 
Figure 7.17 - T0 fitting parameters calculated from VTF. 
7.2.3  Effective Ion Concentration 
 The effective ion concentration is a critical factor for understanding the 
performance of a composite matrix.321, 359, 360 Both varying the salt concentration 
and changing the solvation properties of the matrix can greatly influence the 
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proportion of ions able to participate in mass transport.216, 361-364 To estimate the 
effective ion concentration, the pure PEG-LiTFSI was used for comparisons, and 
the equations used are as follows. The  
                  EQUATION 7.3 
where [PEM] is the effective charge carrier concentration, q is the charge of the 
ions, and µ is the mobility of the ions. µ can further be described by the Einstein 
relationship: 
       
 
  
  EQUATION 7.4 
where k is Boltzmann’s constant, T is temperature and D is the diffusion 
parameter of the ions. D can further be described with the Arrhenius 
relationship: 
          
   
  
) EQUATION 7.5 
where D0 is the intrinsic diffusion constant, or the maximum diffusion coefficient 
at T = ∞, and EA is the activation energy for the ion diffusion. We can then 
combine these equations to compare each PEM to the pure electrolyte (PE) 
according to the equation: 
 
    
   
 
               
             
 
      
  
 
     
  
 EQUATION 7.6 
The following assumptions are made: the resin ion contributions for ∥hPEM•R 
and ⊥hPEM•H are negligible; the resin ion contribution for ⊥hPEM•R and 
iPEM•i above the percolation threshold are negligible; the population of single, 
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double etc. ions are constant between the various PEMs; D0 is constant for the 
various PEMs. The equation can then be simplified to: 
      
     
    
  
    
   
            )  EQUATION 7.7 
 
Figure 7.18 - Effective ion concentration versus temperature of 15 and 25 
wt% electrolyte membranes for each of the four assemblies.  
 The resulting reduced effective ion concentration (Ρred) for each assembly 
is shown in Figure 7.18 and Figure 7.19. The y-axis scalebars were changed to 
more clearly resolve the differences, and graphs were grouped by electrolyte 
loading instead of structure/assembly for the same reason. Due to the 
assumptions made for these calculations, only qualitative analysis and general 
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trends will be discussed. Specifically, it has been demonstrated that in some 
systems, temperature can affect the ion aggregation population in PEMs.362-364 For 
the 15 wt% electrolyte samples that were all below the percolation threshold, the 
Ρred values were all very low, indicating that the resin not only increases the 
activation energy, but also has a significant suppression on the population of 
ions able to diffuse in an external electric field stimulus, likely due to its low salt 
solubility.  
 
Figure 7.19 - Effective ion concentration versus temperature of 35 and 45 
wt% electrolyte membranes for each of the four assemblies.  
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 At low temperatures with 25-45 wt% electrolyte, the Ρred values for 
iPEM•i and ⊥hPEM•R are generally half of that for ∥hPEM•R and ⊥hPEM•H. 
Since the makeup of both iPEM•i and ⊥hPEM•R introduce a significant portion 
of resin in the ion diffusion paths, the Ρred values are lower, whereas the Ρred 
values are much higher when the electrolyte-rich channels are parallel to the 
applied electric field and allow for a dominant diffusion pathway for the ions. 
Thus, the purity of the electrolyte channels is critical for ensuring overall high 
diffusion. 
7.2.4  Electrolyte Loading Effects at Elevated Temperature 
 Normalized conductivities at 85°C are shown in Figure 7.20. All of the 
data conductivities are generally shifted upwards by approximately one order of 
magnitude versus 35°C in Figure 7.1. The trend for ⊥hPEM•H does not change 
when compared to 35°C, in that there is a stark percolation threshold between 
⊥hPEM•H15 and ⊥hPEM•H20 that jumps 4 orders of magnitude, and generally 
plateaus thereafter. On the other hand, there is a slight increase to the range of 
the percolation threshold for ∥hPEM•R, and an even greater increase for iPEM•i, 
⊥hPEM•R. For ∥hPEM•R, percolation does not fully happen until about 
∥hPEM•R30, which is 5 wt% higher than at 35°C. The threshold for ⊥hPEM•R 
broadens by 5 wt% in either direction compared to 35°C, and the threshold 
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visible within this electrolyte loading range only increases by 4.5 orders of 
magnitude, versus 6 for 35°C. Consequentially, the anisotropy is decreased by 
almost 50 times, to a maximum of 643 with hPEM•R15. A similar broadening of 
the percolation threshold can also be seen for iPEM•i. 
 
Figure 7.20 – Normalized conductivities of iPEM•i, ⊥hPEM•R, 
∥hPEM•R, and ⊥hPEM•H with 1D anisotropies at 85°C.  
7.3  Lithium Transference Number 
 While the overall conductivity of the membrane is a good indicator to 
performance, ultimately just the Li diffusion is going to provide high power 
densities in Li metal cells. The Li+ transference number, (Lit+), is defined by the 
following equation:365 
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 EQUATION 7.8 
where    and    denote the ion flux contributed from cation and anion, 
respectively. Bruce et al. developed a method to determine the ratio of cation to 
anion flux in Li PEMs by combining a.c. impedance spectroscopy (EIS) with d.c. 
polarization using a Li symmetric cell (Li|PEM|Li), and implementing the 
following equation to calculate Lit+:366-368 
     
             )
             )
 EQUATION 7.9 
where      and       are the initial and steady-state interface resistances,    is the 
applied d.c. potential, and    and     are the initial and steady-state currents. A 
scheme of the Li symmetric cell assembly, and a typical EIS Nyquist plot and d.c. 
polarization profile are shown in Figure 7.21. This equation was later modified to 
accommodate the change in electrolyte conductance before (     ) and after 
polarization (     ):369 
     
                  )
                 )
 EQUATION 7.10 
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Figure 7.21 - Typical EIS Nyquist plot (a) and d.c. polarization profile 
(b) of a Li symmetric cell for Li transference calculations. Insets show 
an equivalent circuit model (a) and a scheme of cell assembly (b).367 
 Celgard imbibed with the PEG-LiTFSI electrolyte and one of each of the 
four structures with 35 wt% electrolyte were tested to determine the Li 
transference number at room temperature. Due to the SEI instability, which will 
be discussed in more detail in the next chapter, the membranes that were used 
contained 4 wt% ethylene carbonate (EC) and 2 wt% LiNO3, with respect to the 
electrolyte loading, or 1.4 and 0.7 wt% overall. The symmetric cells were first 
examined with impedance spectroscopy, then polarized under a d.c. potential of 
2 mV until the current was stable after the initial drop, then examined again with 
impedance spectroscopy with a d.c. potential offset of 2 mV, shown in Figure 
7.22 and Figure 7.23. For the case of the circuit model in Figure 7.21a, R1 and C2 
are associated with the SEI layer, R2 is the bulk electrolyte resistance, and  ZD is a 
constant phase element associated with the cell geometry. This circuit model was 
166 
 
developed for EIS in the specific range of 1 Hz to 65 kHz. Since the potentiostat 
used here can encompass a much larger range, the model must be modified. The 
model here is shown in Figure 7.22a, where R0 is the electrical resistance of the 
PEM, Yoe and Re are associated with the bulk electrolyte ionic resistance and 
impedance, Yoi and Ri are associated with the SEI layer, and YPorWar is a constant 
phase element associated with the geometry of the setup. 
 
Figure 7.22 - Equivelant circuit model for Nyquist fitting curves (a). 
Nyquist plots before and after polarization and 2 mV d.c. polarization 
current profiles for Celgard with PEG-LiTFSI electrolyte (b,c) and 
iPEM•i35 (d,e).  
 The Lit+ values were calculated using Equation 6.10, and were found to be 
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0.254 for Celgard, 0.388 for hPEM•H35, 0.714 for iPEM•i35, 0.598 and for 
hPEM•T35. PEO mixed with Li salts typically see Lit+ values between 0.20 and 
0.30; however, it has been shown that introducing a new surface chemistry, such 
as oxide nanoparticles, can increase the Lit+ to values well above 0.5 in some 
cases.23, 103, 105, 106, 112, 115 The Lit+ for Celgard falls within the normal range of a PEO 
and Li salt system. iPEM•i35, however, exhibits a remarkably high Lit+; since this 
system is well mixed, evidenced by one Tg in DSC, this means there is a 
preferential interaction between the resin and the TFSI- anion, giving rise to a 
higher proportion of Li+ diffusion. The Lit+ values for hPEM•H35 and T35 are 
much higher than typically found in the Celgard sample, but not nearly as high 
as the iPEM•i35 sample. Interestingly, there seems to be a trend between the 
purity of the electrolyte and the Lit+ values: as the electrolyte becomes more 
doped with resin, the Lit+ increases. As evidenced in the impedance phase peak 
discussion in Section 7.1, it seems that the hPEM•H has a higher degree of phase 
separation than the ∥hPEM•R samples, which is comparable to hPEM•T with 
this electrode setup. Since hPEM•H has a higher degree of phase separation, the 
electrolyte-rich regions contain less resin, and the Lit+ values are not as high. The 
phase separation is not as complete in the hPEM•T, which will result in higher 
Lit+ values, though again, not as high as iPEM•i. Generally, this is good news 
because although our conductivity is just below the minimum target value of 10-4 
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S/cm for practical use, the actual Li+ diffusion may be enough since the Lit+ is 
quite high. Impeding the TFSI- diffusion may also be beneficial side effect 
because it has been proposed that the anion diffusion and agglomeration on the 
anode after cell polarization is a leading cause to SEI instability and Li dendrite 
nucleation.187-190, 362 The first thing to note is for hPEM•R35, the d.c. potential 
profile was unstable, so there may be some error introduced in the Lit+ 
calculations; this dip then increase in current behavior was repeated on two 
different cells. The measured Lit+ values averaged 0.594. Due to the geometry and 
high cell pressure of ~2-2.5 MPa, it is suspected that the structure is changing in 
the hPEM•R35 membranes leading to inaccurate values. A hPEM•R35 cell was 
assembled using a softer type of spring that only introduces ~100-200 kPa. The 
same current instability was observed, as seen in Figure 7.23f, but the Lit+ here 
was calculated to be 0.336. This second value was used for subsequent 
calculations in Chapter 8. 
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Figure 7.23 - Nyquist plots before and after polarization and 2 mV d.c. 
polarization current profiles for hPEM•H35 (a,b), hPEM•T35 (c,d) and 
hPEM•R35 (e,f). 
7.4  Modulus versus Ion Conductance 
 As previously discussed, the practical use minimum conductivity is in the 
range of 10-4 to 10-3 S/cm, and the proposed mechanical shear modulus to 
inhibit dendrite formation is on the order of 6 GPa. This “target zone”, along 
with various other systems’ properties harvested from literature, are plotted in 
Figure 7.24. There are two extra considerations to this plot that are not apparent 
until one digs into the literature to better understand the nuances between each 
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of the systems. Firstly, the Li+t should be considered, since in Li batteries, the Li+ 
cation diffusion is the only component supplying charge and discharge current. 
Systems with higher Li+t values, such as some of the NP containing systems, and 
our own formulation reported here, should be shifted to the right, according to a 
reference Li+t value. Reversely, the PIPs (red diamonds) that seemingly exhibit 
some of the best modulus-conductivity properties, most likely have very low Li+t 
values because they use a 50 wt% loading of IL to gain the extraordinary 
conductivity which does not contribute to Li+ flux. In these cases, the points 
should be shifted left accordingly. Unfortunately, most papers in literature do 
not report the Li+t numbers, largely due to its often difficult sample prep, 
inherent electrochemical instability with the PEMs, and insufficient equipment in 
the lab, so the plot cannot be properly adjusted to accommodate for this variable. 
 The second consideration is whether the network is crosslinked or not. As 
discussed in Section 2.3.2, due to the potentially lower mechanical creep supplied 
by the crosslinked networks, Li dendrite growth is frustrated by the network, 
whose mesh size is considerably smaller than the Li dendrite. This has been 
demonstrated to allow for much better than predicted Li dendrite frustration at a 
relatively low moduli with high conductivities,100 or near minimum 
conductivities with ~100 times less the proposed modulus requirement. I 
empirically propose here an alternative target zone for this fundamentally 
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different mechanism based on observations in literature and my own work 
discussed more in Chapter 8, shown in the green area in the plot. Without 
digging too deep into the discussion in Chapter 8, there are two considerations to 
be made: Li dendrite nucleation, and Li dendrite growth. This work will 
demonstrate that sufficient nano-mechanics can suppress the Li dendrite growth 
quite effectively, thus, why the small mesh size supplied by crosslinking is 
imperative. Secondly, this work will demonstrate that higher conductivities are 
not only critical for low overpotentials at reasonable current densities for real life 
applications, but the conductivity will enable more stable cell polarization, and 
greatly reduce the tendency for Li dendrites to nucleate.  
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Figure 7.24 - Log-log plot of modulus versus ionic conductivity for various PEMs in literature. 48, 54, 65, 99-101, 120-
122, 129, 205, 370-373 Unless noted, values are reported for room temperature measurements. Pink and green areas 
indicate proposed minimum conductivity and modulus values for Li dendrite inhibition.
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With regards to the pink target zone based on various models in literature, 
the system reported here is arguably the closest to reaching the goal over the 40 
years’ worth of reports, which is super exciting. Our two main goals for this 
formulate are to create a platform for solid PEMs synthesis, which can be readily 
done by slightly increasing the Mw of the PEG, and secondly to use this well-
controlled structured system to investigate the structure effects on SEI stability. 
That said, the HP system quite easily could be reformulated so that the near-
solid-like electrolyte is replaced with a highly conductive liquid electrolyte to 
shift the data on the graph by likely 1-2 orders of magnitude to the right. The Li+t 
numbers would likely decrease due to the decreased effect of the resin since 
liquid solvents like EC or dimethyl carbonate (DMC) will solvate the LiTFSI 
more completely, but the overall Li+ flux would still see a great boost. This new 
formulation is outside the scope of this study, but is an exciting prospective 
project. 
7.5  Conclusions 
We are able to well decouple the mechanical and ionic transport properties in 
this system, and effectively shift the ionic and mechanical percolation thresholds 
by 10 wt% electrolyte loading in opposite directions, opening a wide application 
window. The Li+t numbers are extraordinarily high, which is enabled by the 
preferential interaction with the anion by the resin, supported by the phase plots 
174 
 
from various temperature scans. This pseudo-single ion conducting phenomena 
may also be extremely beneficial for stabilizing the PEMs and reducing 
polarization effects. 
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Chapter 8  Electrochemical Properties of Holographically 
Polymerized Polymer Electrolyte Membranes with 
Lithium 
 To investigate how well the mechanical suppression efficiency of the 
different structures, galvanostatic polarization studies were performed on each 
structure at variouss current densities at 90°C. Due to an unstable SEI formation 
with the virgin material, additives were used to more clearly deconvolute the 
structure effects on Li dendrite formation. Additionally, due to the higher SEI 
stability offered by the additives and the relatively high ionic conductivity of the 
PEMs, the operating temperature of the cells was able to be pushed down to 
55°C. 
8.1  Li Dendritic Models 
 There are two leading proposed mechanisms behind inhibiting Li 
dendritic cell failure: the first is based on separator mechanics, and the second is 
based on counter-ion polarization. For the first, it is proposed that increasing the 
shear modulus of the separator will suppress surface Li dendritic nucleation. 
When a cell is charged or discharged such that Li+ ions are plating onto a Li 
surface, concentration fluctuations will begin to arise in the bulk, resulting in a 
modulated diffusion front, and a non-uniform deposition. Eventually, this non-
uniform deposition will lead to surface roughening. At a critical surface 
roughness, a nuclei is effectively formed. If the shear modulus of the separator is 
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sufficiently high, it can mechanically suppress this roughening effect. To model 
this, Monroe and Newman first looked at a simple but relative geometry: an 
isolated needle-like dendrite in a dilute solution with static concentration at a 
steady state current.374 A schematic of their model is shown in Figure 8.1. 
 
Figure 8.1 – Scheme of interfacial roughening of Li surface during 
deposition.374 
 Through this, they investigated the kinetics of surface roughening on a Li 
metal interface. To take this model system one step further, they introduced a set 
of force balance equations, including the elastic properties of the separator and 
the surface tension of the Li metal.9 Through this, they were able to compare 
Poisson’s ratio and shear modulus of the separator versus a stability parameter, 
which they defined as the critical value, Δμ, which when set to 0, the current 
density at the peak is equal to that at the valley of the deposited surface. Thus, 
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when Δμ ≤ 0, no Li dendrite will nucleate. They calculated Δμ versus the ratio of 
the separator’s shear modulus to the electrode’s shear modulus, in this case 
lithium, at various Poisson’s ratios, shown in Figure 8.2. 
 
Figure 8.2 – The stability parameter Δμ versus the ratio of 
separator:lithium shear modulus at three Poisson’s ratios, showing the 
critical mechanical properties to induce a uniform Li+ deposition. 
 Using a Poisson’s ratio of 0.33 and a shear modulus for lithium of 3.4 GPa, 
the critical separator modulus is 6.1 GPa to inhibit Li dendrite formation 
altogether from deposition roughening. While there are a few critical 
assumptions, namely the three most critical ones being this is a 2D periodic 
system and not 3D, internal forces induced by cell assembly housing are not 
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considered, and viscoelasticity of the separator is not considered, this system and 
its conclusions is a valuable tool to use when designing approaches to tackle the 
Li dendritic failure mechanisms in Li metal batteries. 
 The second proposed Li dendrite failure mechanism that has been 
experimentally observed, and empirically fits many other systems is the 
Chazalviel model188 based on Sand’s law375 as follows: when a cell with a dilute 
ion concentration is polarized under galvanostatic conditions, the ionic 
concentrations begin to form a gradient according to the electric field. When the 
gradient is matured, the anion concentration is depleted at the positive electrode, 
resulting in a local space charge, and consequentially a large electric field. This 
point is called the sand time.185-189, 376 One of two things may happen then, 
depending on the magnitude of the current density. If the current density is high, 
in galvanostatic testing, this translates into a potential spike, often much higher 
than the testing equipment can provide. In most systems, however, the 
electrochemical stability window is surpassed, and the cell components begin to 
have side reactions, effectively failing the cell. If the current density is mediocre 
or moderately low, this concentration gradient slowly evolves into a pseudo 
steady state, resulting in a relatively stable potential during the early stages of 
the test. The sand time in this case is observed when the potential begins to 
diverge. If the current density is sufficiently low, long term steady state will be 
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established, and no sand time will be observed. In either of the first two cases, 
the Li metal surface roughens and it has been experimentally observed that 
dendrites are nucleated at or very near the sand time.188, 189, 377 For simplicity, this 
model assumes that the ion diffusion constants and mobilities are independent of 
concentration, and that during early stages before the concentration profiles 
reach steady-state, diffusion of the cation and anion are proportional.  Neither 
are true in this system; however, it provides a good estimation for determining 
the failure mechanism and estimating expected performance. If 
 
  
  
  
   
 
 EQUATION 8.1 
where C is the concentration, C0 (#/m3) is the initial concentration, and L (m) is 
the membrane thickness, the system should evolve to a steady state 
concentration profile. If  
 
  
  
  
   
 
 EQUATION 8.2 
then the cation concentration will go to zero at the negative electrode, resulting 
in a potential spike under galvanostatic conditions. This sand time (τ) can be 
described with the equation: 
     (
   
    
)
 
 EQUATION 8.3 
where ta (1- Lit+) is the anion transport number. The parameter that can be 
directly controlled to mediate τ is the current density, and the parameters that 
can be indirectly controlled through electrolyte loading are C0 and Ta. 
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Additionally, the crossover value J* (A/m2), which is the critical current density 
where values above it will result in a potential spike from the sand time, can be 
described by the equation: 
    
     
   
 EQUATION 8.4 
D (m2/s) can be calculated from the conductivity data using the Nernst-Einstein 
equation: 
    
   
  
 EQUATION 8.5 
where μ (m2/V∙s) is the ion mobility, which can be described by: 
   
 
  
 EQUATION 8.6 
 For the case of current densities below J*, upon Li dendrite nucleation, the 
Li dendrite growth rate has been optically observed to advance at nearly the 
same rate as the anion depletion zone according to a speed of:187, 188 
       EQUATION 8.7 
where E (V/m) is the electric field, and µa (m2/V∙s) is the anion mobility. Upon 
stable Li dendrite nucleation, the time for the dendrites to grow, propagate and 
touchdown on the other side is described by: 
    
  
   
 EQUATION 8.8 
The parameters that can be directly controlled to mediate tg are membrane 
thickness (L), and current density. According to the Chazalviel model, the cell 
lifetime, tSC, before Li dendrite shorting when at current densities below J* can be 
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estimated by the summation of the sand time and the Li dendrite growth 
propagation time: 
           EQUATION 8.9 
These parameters, along with calculated values for τ, tg and tSC for the subsequent 
PEM systems can be found in Section A.5. 
 Due to the Li metal instability, the membrane purification and battery 
assembly must be rigorous to assure a high quality material control. 
Additionally, not all materials are best suited for forming a stable solid 
electrolyte interphase (SEI) layer. Much work was performed to outline the 
critical parameters to produce the most stable systems so the dendritic failure 
kinetics could be best extracted. 
8.2  Difficulties of using Li Metal Electrodes 
First, the additive-free samples were investigated to see if they could be 
used as is. Since our electrolyte is PEG-based, it was expected that the PEMs 
could assemble a stable SEI.63, 66, 101 However, the SEI in this system at first was 
not observed to be stable. To quantify this behavior, Li symmetric cells were first 
let sit overnight after assembly in ambient conditions, and put into a Mylar foil 
pouch in an oil bath kept at 90°C. The cells’ resistances were measured with EIS 
over time; Figure 8.3 shows the bulk and SEI resistance of ~100 µm thick 
hPEM•H35 with and without a ~15 μm iPEM•i60 coating. iPEM•i60 was used 
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here to not increase the bulk resistance of the membrane, while modifying the 
contact material with a more ionically conducting media. The SEI resistance goes 
up significantly in just one hour, and after a day or two, it frequently increases 
well past 100 kΩ, which is well above the ~2000 Ω internal resistance threshold 
needed to properly cycle the cells, empirically determined through testing 
various cells. It is also important to note the bulk resistance in Figure 8.3; as time 
passes, the bulk electrolyte resistance, which is proportional to bulk conductivity, 
also goes up. This means two things: the SEI formation at 90°C is not favorable 
for high Li+ diffusion; and the SEI formation suffers the Li+ diffusion in the bulk. 
 
Figure 8.3 - Li symmetric cell resistance stability for versus time after 
letting the cell stand idle for 1 day post-assembly. 
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Figure 8.4 - Li symmetric cell resistance stability for versus time after 
letting the cell stand idle for 4 days post-assembly (a) and normalized 
SEI resistance and electrolyte conductivity versus time (b).  Minimum 
SEI resistance normalized from is shown in legend for each PEM. 
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After much trial and error, it was accidentally observed that the SEI 
formation at room temperature were much more stable than at 90°C, but its 
formation kinetics were much slower than the normal 2-3 hours initially used 
between cell assembly at room temperature and heating to 90°C for testing. To 
take advantage of this more stable SEI, all Li symmetric cells were aged at room 
temperature (RT) for 4-5 days before heating to 90°C. The cell stabilities with this 
4 day pre-aging history are shown in Figure 8.4. 
To better understand the SEI stability, the SEI resistance was normalized 
by the minimum value for each respective sample acquired during the stability 
test, which corresponds to the highest Li+ diffusion, and the bulk electrolyte 
conductivity was calculated. The bulk conductivity is important to track because 
it indicates how much of the electrolyte is either redistributing on the electrode 
surfaces to passivate the Li metal, or electrochemically decomposing, both of 
which reduce the effective ion concentration in the PEM. hPEM•H35 and T35 
both have initial conductivities of ~0.3 mS/cm2, and slowly decrease to about 0.05 
mS/cm2 after 5 days. iPEM•i35 and hPEM•R35 both start off with slightly lower 
conductivities of ~0.1 mS/cm2, which are lower due to the structuring, and 
decrease more quickly to values well below ~0.005 mS/cm2 after one week. This 
large bulk electrolyte conductivity decrease suggests the SEI is forming primarily 
from the TFSI- anion at RT, rather than the PEG. If 5 vol% of the PEG coated the 
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Li metal, this would mean a shift to an Li:EO ratio of 1:16.8, which is not enough 
of a shift to reconcile nearly an order of magnitude decrease in conductivity after 
a week. The SEI resistances do not stabilize even after 1 week. Although this is a 
complicated dynamic system, these observations suggest two things could be 
happening: the SEI is continuously being thickened with new material being 
formed extracted electrolyte; or the SEI initially formed is relatively stable, but 
there is a constant, albeit slow, electrolyte decomposition that slowly modifies 
the SEI’s composition or morphology such that it exhibits less desirable diffusion 
properties. Whichever case, for our purposes, the SEI is relatively unstable, so 
any long-term testing that would last longer than a week or a few weeks may fail 
due to the SEI instability, rather than dependency on Li dendrite bridging the 
electrodes. 
 To both compensate for this dynamic SEI, and expedite overall testing due 
to a limited number of channels on our testing equipment, galvanostatic 
polarization was performed on each type of PEM at various current densities. 
There were three different types of failure mechanisms observed: a 5V potential 
spike, a smaller potential spike, followed by unstable potentials before an 
eventual short, and a stable potential profile for many hours before a Li dendritic 
short. The typical potential profile of these versus time is shown in Figure 8.5. 
For the case of the 5V failures, the J > J* (green line). In this case, τ is when the 
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potential diverges, which may be difficult to quantify when the spike occurs in 
less than an hour, due to lack of an initial baseline. When J ≲ J*, a relatively stable 
potential is observed for a time, and sand time is greatly delayed (purple line). 
Thereafter, Li dentrites nucleate and propagate slowly, corresponding to a slow 
rise to the potential. When J ~ J* (red line), a competition between these two 
mechanisms is observed, where an obvious sand time occurs early, but the 
potential never spikes to > 5V. The cells re-equilibriates near its original potential 
with plot noise. This suggests there is a competition between the anion depletion 
zone retreat rate, the Li deposition and roughening, and SEI formation at freshly 
formed surfaces, whose speeds modulate slightly from one another. During this 
process, the Li surface microscopically roughens, and at least one dendrite grows 
and propagates to the other side, shorting the cell. 
 
Figure 8.5 - Scheme showing cell behaviors, sand times and short circuit 
times. 
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Figure 8.6 – Nyquist plots showing resistance history over lifetime of 
polarized cells with a 5V sand time failure (a), and a normal dendritic 
short failure (b). 
 The resistance history of the cells were captured at various points during 
the process of RT aging, after heating before and after polarization; two such cell 
histories, one with a 5V spike failure and one with a dendritic short failure, are 
shown in Figure 8.6. The SEI stability evolution during RT aging can be seen in 
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the first three Nyquist curves. Further aging beyond 5 days does not significantly 
change the sizes of the semicircles. The potential spike failure is seen for a 100 
µm thick hPEM•T35, shown in Figure 8.6a. In the case of a 5 V failure, the cell 
was kept under the 5 V potential for 10 minutes before automatically stopping. 
The dendritic short failure mechanism is represented by the 100 µm thick 
hPEM•H35 coated with iPEM•i60, shown in Figure 8.6b. After Li dendritic cell 
shorting, the overall resistance is usually between 5-40 Ω, with the Zimg values 
drifting up from negative values to zero, due to the impedance from the wires 
running to the cell at high frequencies. 
Cyclic voltammetry (CV) scans were run on hPEM•H35 and Celgard 
imbibed with the pure PEG-LiTFSI electrolyte to determine the cells’ 
electrochemical stability with the Li electrode, shown in Figure 8.7. At room 
temperature, the hPEM•H35 exhibited a relatively high stability window of 4.9 
V. The pure electrolyte showed an impressive stability of over 5.4 V, which is 
what we were expecting; however, at 90°C the electrolyte is much less stable, 
where its electrochemical window is reduced to a meager 3.5 V. Interestingly, the 
polymerized resin exhibited a significant stabilization effect at 90°C, increasing 
the stability window up back to 4.3 V at 90°C. Thus, as long as the polarization 
potentials remain within this electrochemical window, no expedient side-
reactions should occur. 
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Figure 8.7 - CV scans of SS-PEM-Li at RT and 90°C. 
Additionally, it was found during these initial tests that the glass beads 
used to synthesize the PEMs in the previous sections prematurely shorted nearly 
half of the cells, often during the pre-aging process. This was likely due to the 
fact that the interface between the glass beads and the crosslinked matrix was not 
as resistant to mechanical creep than the bulk PEM, resulting in slow nanocrack 
propagation. To solve this problem, PEMs here were synthesized with spacers 
placed in the four corners of the glass slide sandwiches to remove any large-
bodied impurities involuntarily provided by blended spacer types, which 
eliminated this high failure rate. In addition, it has been demonstrated 
experimentally in electrolyte membranes with short sand times, τ, and relatively 
low conductivities, that the membrane thickness is linearly related to cell 
failure.66, 378 PEMs with larger thicknesses than the conventionally used 20 μm in 
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commercial batteries were prepared first to attempt to monopolize this effect. 
8.3  Role of hPEM as a facile combined PEM-Binder separator 
8.3.1 100 micron films’ stability 
 PEMs were first fabricated with 108 µm spacers. ~100 μm was used for 
two main reasons: thicker membranes will increase the time it takes for a 
dendrite to propagate to the opposing side after nucleation, and thicker 
membranes allow for better mechanical contact to the Li foil due to less wrinkles 
and better conformation. The thicknesses using this type of setup were less 
controlled than the glass bead spacers used for the material characterization 
synthesis, but repeatable: hPEM•R35 had thicknesses of 80-100 µm, T35 of 95-115 
µm, H35 of 100-115 µm, and iPEM•i35 thicknesses of 100-110 µm. The 
differences between each nanostructure are due to the anistropic shrinkage 
during post-curing, which is dependent on the polymerized nanostructure 
during HP. Four cells were assembled at room temp for each PEM nanostructure, 
aged for 4 days, and polarized at 90°C at J = 0.05, 0.10, 0.17 and 0.30 mA/cm2, 
shown in Figure 8.8. The majority of the hPEMs experienced a 5V failure, with 
only hPEM•T35 exhibiting the more normal shorting failure at lower J. iPEM•i35 
interestingly exhibited 5V failures at the highest and lowest J, with the middle J 
showing a short failure.  The inflection point just after the sand time, shown by 
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the orange arrows in Figure 8.8c, are indicative of the onset of Li dendrite 
growth. 
 
Figure 8.8 - Polarization of 100 micron films under various current 
densities in mA/cm2. Orange arrows indicate onset of Li dendrite 
growth. 
 A summary of these failure times are shown in Figure 8.9 to more clearly 
compare the different structures and effect of J on the shorting mechanism. The 
symbols were color coded to indicate the failure mechanism (white = 5V, solid 
color = short). The calculated τ and tSC are shown with dashed and solid lines. 
The parameters used for these calculations can be found in Section A.5. 
192 
 
 
Figure 8.9 - Graph of polarization current density versus time to failure 
of 100 μm PEMs. Solid symbols indicate a clean short failure,  hollow 
symbols indicate a 5V spike failure. Dashed lines are calculated sand 
time values, τ, and solid lines are calculated tSC values. 
 While the individual polarization graphs look like this sand time 
mechanism can explain the system behavior, the overview graph in Figure 8.9 
suggests there is more complicated behavior. At lower current densities, the 
prediction matches well with the observed values for iPEM•i35, but 
interestingly, iPEM•i35 outperformed the predicted behavior at lower current 
densities. The bulk modulus of the iPEM•i35 from AFM is 1.77 GPa, which is 
lower than the structured systems of 1.80 and 4.18 GPa for hPEM•R35 and H35. 
The resin in this case may be contributing more to the makeup of the SEI layer 
since there is a less-dense and more uniform material presence across the PEM-Li 
metal interface, increasing the Li+t and thus suppressing the anion polarization 
effect. The failures for hPEM•T35 and H35 at high current densities occur at a 
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time very close to the predicted sand time as well, and the quantitative 
estimation behind this mechanism may be a good explanation. For the 
hPEM•T35 and especially H35, the structure may be providing an optimal 
pathway for the anions to quickly diffuse and generate a polarized concentration 
profile. Additionally, the preferred pathways may be increasing the local current 
density, which could expedite the Li dendrite nucleation. However, the observed 
behavior is lower than the predictions at lower current densities for hPEM•T35 
and H35. This could be due to the relatively dynamic nature of the SEI formation, 
which would only play a significant role for longer testing times; with lower 
current densities, the total testing time is increased, allowing for a more mature 
SEI to form, which could explain this deviation. hPEM•R35, however, is quite 
different. At high current densities, it behaves much better than the prediction, 
but seems to be converge with the predicted values as the current density is 
decreased to 0.05 mA/cm2. This could be because the relatively smooth contact 
provided by the parallel lamellar structure encourages both good mechanical 
contact between the PEM and Li metal, and exhibits an even superior effect on 
the anion polarization than iPEM•i. An inherent assumption in the sand time 
calculations is that σ, μa, ta and D do not change during the test; the dynamics 
from SEI instabilities in this case may also prematurely give rise to cell failure 
when the tests take longer than 12-24 hours. 
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Direct experimentation on Li dendrite growth in solid polymer systems is 
limited, due to the inherent fusing properties that dendrite has on the Li metal 
and PEM interface. In some PEMs, solvent could be used to selectively etch the 
PEM away to resolve the morphology of the Li dendrites.379 That is a luxury that 
this highly crosslinked system cannot adopt. Over twenty polarized cells that 
exhibited this potential spike at the sand time were carefully deconstructed by 
hand, so as not to introduce additional pressure and destroy the morphology of 
the system. The fused Li-PEM-Li was then gently peeled apart to expose the Li 
metal interface; out of the 20 cells, all of the membranes broke apart except for 
one hPEM•T35, shown in Figure 8.10. The samples were then transported from 
the O2- and H2O- free glovebox in a small metal vacuum desiccator to the SEM to 
minimize oxidation of the Li metal. The outer edge of the Li metal that was not in 
contact with the PEM, and thus had no Li deposition, shows that the pristine Li 
metal has a nanoscale roughness. The surfaces with the Li deposition displayed a 
mainly two different types of rough topology. The first type was a subtractive 
crater-like topology. The second was an additive feature that looked like parallel 
linear mounds. Interestingly, these linear mounds were all roughly oriented in 
the same direction. It is suspected that these linear mounds are Li dendrite 
nuclei, and may directly correlate with the lamellar nanostructured contact 
interface from the hPEM•T35. Due to limited sample, it is difficult to make 
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convincing conclusions on mechanism. However, it is clear from SEM that the 
surface is roughened, which matches well with the proposed sand time failure 
mechanism. 
 
Figure 8.10 –Polarization curve of hPEM•T35 at 0.30mA/cm 2 (top left), 
and SEM images of Li metal after Li deposition from polarization.  
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Figure 8.11 - Cycling data post 5V failure of hPEM•R35 at 0.10 mA/cm2 
(a) and zoomed-in image showing shortage failure (b).  
 To take this analysis one step further, one of the hPEM•R35 cells was kept 
at 90°C after failing with a 5 V spike, and cycled at 0.10 mA/cm2 at 3 hour half 
cycles, beginning with a discharge cycle in the opposite direction to the induced 
5 V failure, shown in Figure 8.11. This cell exhibited modest Cd values of 382 
C/cm2 despite the electrolyte degradation from the initial 5V failure. If the 5 V 
failure was caused by side reactions or electrolytic degradation, then this cycling 
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would not be reversible. The reversibility of the failure mechanism using lower 
current densities is in good agreement with the sand time mechanism, 
specifically that the failure is induced by many small Li dendrite nuclei that 
increase the internal resistance of the cell. 
While the failure mechanism for iPEM•i35 is clear both from experimental 
observations and the good prediction from the sand time estimate, and likely is 
as well for the structured hPEMs, this short sand time prohibits long-term stable 
cell behavior. Two approaches were used to better the system in terms of 
polarization performance. Since iPEM•i35 exhibited the best initial polarization 
data, iPEM•i was coated on each side of the hPEMs to act as a binder. In this 
case, the structure effect on the SEI formation is eliminated, and the structure 
effect on Li dendritic growth would be observed. The second approach is based 
off of Equation 8.4 from the Chazalviel model; if L, or the membrane thickness, is 
decreased, then theoretically this crossover current density should be increased, 
ultimately increasing the cell lifetime. 
8.3.2  iPEM●i60 as a binder 
 Based on empirical observations, iPEM•i was used here as a binder to 
alter the Li metal interface and decouple the interface versus bulk participation. 
Since according to the Chazalviel model, sand time is linearly delayed with 
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higher conductivities, iPEM•i60 was used, since it should have a higher 
conductivity. ~15 μm layers of iPEM•i60 were coated on each side of the ~100 μm 
thick hPEMs. Virgin iPEM•i60 of ~140 μm thicknesses were also tested for 
comparison. These cells were galvanostatically polarized in the same way as 
before, shown in Figure 8.12. iPEM•i60 experienced a potential spike at higher 
current densities, though much less pronounced, and in all cases, the Li dendrite 
growth and propagation, tg, was the longer stage in the cell lifetime, evidenced 
by the potential plateau. The hPEM•R35 membranes did not see a huge 
improvement with the iPEM•i60 coatings, and still exhibited the same sand time 
potential spike. This suggests that the structure in the bulk may still play a 
greater role than expected in the polarization behavior at the electrode contact; in 
the case of hPEM•R35, because the conductivity is about 5 times lower than 
hPEM•T or H after the SEI is formed, and has a much lower ta than iPEM•i, J* is 
at least twice as low as the other ~100 μm PEMs, shown in Table 11.2. At lower 
current densities, the hPEM•H35 and T35 experienced a huge improvement due 
to the chemical potential gradient stability offered by the iPEM•i60 at the contact 
interface, negating the >5 V failure mechanism at the sand time. This increased 
the cell lifetime by allowing for Li dendritic growth, rather than immediately 
failing, or the lifetime of the cell was τ + tg instead of just τ. At J = 0.30 mA/cm2, 
hPEM•T35 still exhibited a 5 V failure, but H35 was able to recover and continue 
199 
 
on. At lower current densities, the H35 and T35 failed with a Li dendritic short, 
in some cases with a pseudo sand time early on. The iPEM•i60 and hPEM•T and 
H systems with geometries that have interconnecting electrolyte pathways 
between electrodes then are hovering around the critical J* value. Additionally, it 
can be deduced that since the anion agglomeration at the Li metal electrode 
results in the local space charge, or potential spike, the magnitude of the spike 
can be related to the thickness of this anion film with respect to the diffusion 
length of Li+. Thus, introducing iPEM•i60 at the electrode contact must reduce 
the anion film thickness by either eliminating the inherently provided 
preferential pathways in the hPEM•H and T structures that prematurely give 
rise to the sand time seen in the virgin 100 µm films, or by increasing the 
conductivity near the electrode interface, which is linearly related to τ. 
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Figure 8.12 - Polarization of 100 micron PEMs with iPEM•i60 coatings 
and pure iPEM•i60 under various current densities in mA/cm 2. 
The summary of these polarizations are shown in Figure 8.13. Sand time 
approximations in this case could not accurately be calculated due to the 
complicated sandwich geometries, which the model does not have any 
accommodation for. With the exception of hPEM•R35, overall the failure times 
were increased by about an order of magnitude when compared to the uncoated 
PEMs, which is in good agreement with the reduction to anion agglomeration 
film thickness argument. Interestingly, there is no distinguishable trend between 
the iPEM•i60 and its use a binder for T35 and H35. 
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Figure 8.13 - Graph of polarization current density versus time to failure 
of 100 μm PEMs with 15 μm iPEM•i60 coating on each side. Solid 
symbols indicate a clean short failure, symbols filled with white 
indicate a 5V spike failure, and symbols filled black indicate a spike in 
voltage, then unstable potentials before shorting.  
 A hPEM•H35 coated with iPEM•i60 that failed at 5 V when polarized at 
0.3 mA/cm2 was cycled at 0.10 mA/cm2 beginning with a discharge cycle. The cell 
exhibited a modest Cd of 162 C/cm2 despite the electrolyte degradation from the 
initial 5V failure. Similarly to the hPEM•R35 cell that failed the same way, the 
failure mechanism was reversible. In contrast, however, this coated cell also 
exhibited much faster potential recovery, evidenced by no ~5 V spike in potential 
upon subsequent charges. This suggests either the dendrite nuclei, anion-rich 
film associated with the local space charge, or both, were smoothed after just one 
discharge cycle. 
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Figure 8.14 - Cycling data post 5V failure of hPEM•H35 with i60 at 0.10 
mA/cm2 (a) and zoomed-in image showing shortage failure (b). 
 For proof of concept, iPEM coatings show to be an excellent way to inhibit 
the sand time failure mechanism and increase cell lifetimes by an order of 
magnitude; however, their use introduces an extra processing step, which takes 
away one of the most appealing benefits to using these HP systems for PEMs. 
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8.3.3  Thickness Effects on PEM Stability 
 iPEM•i20 membranes were first synthesized with the glass bead spacers, 
and then cut up for use as corner spacers to fabricate thinner PEMs. Each of the 
four geometries were cycled galvanostatically in the same manner as before. The 
polarization curves are shown in Figure 8.15. Only one sample, hPEM•H35, was 
cycled at the lowest current density of 0.05 mA/cm2, which took over 18 days to 
fail. As predicted by Equation 8.4 from the Chazalviel model, reducing L shifts 
the system to be more stable at steady state by increasing J*. All of the cells 
exhibited a much smaller potential spike corresponding to just after the sand 
time, and in many of the cells the potential quickly dropped to the original value. 
However, in the hPEM•H35 and R35 cells and higher current densities with the 
iPEM•i35 cells, the sand time still induced cell failure. Notably in this sample set, 
hPEM•T35 exhibited the most promising cell behavior thus far. The sand times 
occurred early on, but for 100-200 hours thereafter, the cell induced a stable 
potential at all current densities. 
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Figure 8.15 - Polarization of 23 micron PEMs under various current 
densities in mA/cm2. 
 
Figure 8.16 - Graph of polarization current density versus time to failure 
of 23 μm PEMs, and of measured τ for hPEM•T35. Solid symbols 
indicate a clean short failure, symbols filled with white indicate a 5V 
spike failure, and symbols filled black indicate a spike in voltage, then 
unstable potentials before shorting. Dark green solid triangles 
indicated the measured sand times, τ, for hPEM•T35. Thick dashed 
lines and thin solid lines are calculated τ and tSC values. 
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 The summary of the polarization data and calculated τ and tSC values 
overlaid are shown in Figure 8.16. In general, based on the σ, μa and membrane 
thicknesses, the calculated tg values for all of these cells and conditions are under 
1 hour, which is why the predicted τ and tSC curves seem to be the same. In 
contrast to the 100 µm membranes, all of these membranes experienced 
significantly higher lifetimes than predicted. While iPEM•i35 experienced higher 
cell lifetimes than predicted, the lifetimes were similar to the 100 µm membranes 
and did not experience a significant enhancement from the thickness decrease. 
The sand times for hPEM•R35 and especially H35 are drastically delayed versus 
the 100 µm membranes, but still shorts very quickly after the sand time. While 
the approximate ratio of τ to tg for hPEM•H35 and R35 are accurate, where τ > tg, 
the overall lifetime is not. On the other hand, the predicted hPEM•T35 sand 
times are very similar to what was observed, shown by small dark green 
triangles in Figure 8.16, but tg is grossly underpredicted. The majority of the 
hPEM•T35 cells’ lifetime are actually from tg, or Li dendrite propagation from 
one side to the other, and not τ which the model predicts. This sand time model 
only considers µa, and not the structure effect, and thus mechanical property 
effect. Thus, it can be deduced that hPEM•T35 in this case exhibits excellent 
mechanically-based Li dendrite growth suppression. 
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Figure 8.17 – SEI resistance after 3-4 days of aging versus membrane 
thickness. 
 Overall, the thinner membranes exhibited much better polarization curves 
than their thicker counterparts. In addition to the shift in J* with decreasing 
thicknesses, the SEI resistance also changed. All of the measured SEI data from 
the polarization curves, stability tests, and other cells assembled for procedure 
optimizations, are compiled in Figure 8.17. Each data point is associated with at 
least four cells. Although the SEI formed at elevated temperatures and under an 
electric field are likely to be different than under the aging conditions at RT 
because this initial aging process has been demonstrated to stabilize the SEI, the 
initial SEI formed under the aging conditions can be a good indicator to the final 
SEI morphology. As the thickness is increased, the SEI resistance for all of the 
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membranes is increased. In the Chazalviel model, it is not discussed what the 
role of SEI thickness plays with regards to the anion polarization profile. The 
smaller potential spikes indicate that the induced volume of depleted anions at 
the positive electrode in these thinner membranes must be smaller than the 
diffusion length, l, of the Li+, according to the equation: 
   √   EQUATION 8.10 
The volume this l needs to span should include the SEI. Using thinner 
membranes appears to result in an insufficient material supply for thick SEI 
formations. The SEI formation here must be less desirable than the bulk PEM 
with respect to the TFSI- concentration gradient and resulting local space charge, 
since when a lesser portion of the diffusion length is the SEI, the potential 
associated with the local space charge is decreased or eliminated. 
 Using iPEM•i60 as a binder increased the polarization lifetimes, and 
reducing the original PEM thickness increased the performance even further. The 
lamellar structures of hPEM•T35 and R35 show excellent Li dendrite growth 
suppression provided by their mechanical properties. The structure provided by 
hPEM•H35 exhibits a delay in the sand time, which also increases the cell 
lifetime. However, the material makeup of the SEI in all cases is both not as 
stable as desired, and does not exhibit good Li+ diffusion properties, necessitating 
the high temperature cycling. 
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8.4  Additives for Stabilization and Temperature Reduction 
To overcome this material limitation of SEI formation, additives were 
investigated. The goal of the additives are: 
 Maintain the hologram structure 
 Preferentially diffuse to the Li metal to dial the SEI material composition 
for lower temperature operation 
 Maintain or improve the electrochemical stability window 
 Stabilize the SEI film over longer periods of time 
 Form a thinner SEI layer to reduce or eliminate the potential spike caused 
at the sand time 
Each of these points will be discussed in order in this section. The additives used 
are ethylene carbonate (EC), LiNO3, LiF, and LiBr. LiNO3, LiF and LiBr were 
selected due to its demonstrated improvement in Li metal cells.36, 228 These 
additives had a tendency to induce phase separation with the prepolymer syrup, 
so EC was used to help homogenize the system. EC was chosen for this since it is 
a commonly used Li salt solvent. The EC was added at a 4 wt% loading with 
respect to the electrolyte, or in PEM•35, an overall 1.4 wt%. Each of the salt 
additives was loaded at 2 wt%, or 0.7 wt% overall. These additives are 
abbreviated with the electrolyte wt% loading followed by the molecule: 4EC (4 
209 
 
wt% ethylene carbonate), 2NO3 (2 wt% LiNO3), 2F (2 wt% LiF), or 2Br (2 wt% 
LiBr). PEMs with just 4EC and 2NO3 were tested as a baseline to understand the 
individual roles of the EC and salts. 4EC 2NO3, 4EC 2F and 4EC 2Br were 
investigated next. Lastly, PEMs with all of the additives were tested, namely 4 
wt% EC, 1 wt% LiNO3, 0.5 wt% LiF, and 0.5 wt% LiBr, denoted “All”. 
  
Figure 8.18 - Photograph of hPEM•R35 with various additives. 
 The optics and resulting holographic nanostructures will be kept constant; 
thus, the only significant effect on modifying the prepolymer syrup should be 
how well the resin partitions the electrolyte. A photograph of an additive-free 
hPEM•R35 next to its additive counterparts is shown in Figure 8.18. It is difficult 
to have good lighting and have all of the samples near the Bragg condition to 
show good color in all of the samples. However, while all of the membranes 
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showed structural color, the virgin PEM clearly showed the brightest color. To 
quantify the structural change, UV-Vis was performed to measure the DE, shown 
in Figure 8.19. 
 
Figure 8.19 - UV-Vis spectra for hPEM•R35 with various additives.  
 4EC and 4EC 2NO3 exhibited modest DE reductions of 5 and 7 %, 
respectively, suggesting that the structure is largely intact. The 2NO3 membrane 
showed significant UV roll-off, indicating phase separation prior to the HP. 2F 
and 2Br without 4EC were not patterned due to even worse phase separation 
obvious via optical inspection of the prepolymer syrup, and would have an even 
greater roll-off. However, 2NO3 exhibited a reasonable DE of 55 %, also 
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indicating the structure is still there. 4EC 2F and 4EC 2Br experienced DE 
reductions of 46 and 44%, indicating that the structure is still there, but will not 
be as clean as the virgin PEM. 
 
Figure 8.20 - Conductivity vs. temperature of pure electrolyte with no 
additives and of PEMs with additives of 4 and 2 wt% EC and LiNO 3 
with SS blocking electrodes in coin cells, and “clean” PEMs with no 
additives (a), and with Li metal electrodes and PEMs with no additives 
overlaid for comparison (b), and SEI resistance from Li electrodes 
versus temperature (c). 
 Next, temperature scans were run on each of the electrolytes. Since 4EC 
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2NO3 exhibited the best structure retention, hereon this additive was focused on 
the most. These membranes were first tested using blocking electrodes, in a 
SS|PEM|SS configuration in coin cells, shown in Figure 8.20a. As discussed in 
Section 4.3.8, the electrode asymmetry should introduce less than 1% error, and 
will be ignored for comparison to previous measurements. For reference, the 
pure LiTFSI-PEG is also shown. Since only one electrolyte loading is being tested, 
two samples for each structure type were run; the errors were within the symbol 
size, indicating good repeatability. For reference, the additive-free measurements 
using the SS blocking electrodes presented in Chapter 7 are overlaid with X’s in 
Figure 8.20a. The PEMs with the additives have large reductions in conductivity 
using the blocking electrodes; 77%, 69%, 71% and 79% for iPEM•i35, and 
hPEM•H35, R35 and T35, respectively. The conductivity is decreased mainly for 
two reasons. Incorporation of the 4EC 2NO3 additives increased the Li:EO ratio 
to 1:16.6, which could contribute to about 15% loss in conductivity.20 This shift in 
conductivity versus Li:EO ratio is a common phenomena in Li salt systems when 
the system is either underloaded or overloaded with ions.20, 54, 86, 220, 380 In dilute 
PEO Li salt solutions, the conductivity typically increases linearly with 
concentration, until doublets and triplets begin to form. Eventually, this 
agglomeration effect reduces conductivity, with a conductivity maximum 
typically around a Li:EO ratio of 1:14 to 1:16 for LiTFSI systems. Second, NO3 
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anions have a lower dissociation constant with Li lowering its mobility; 
resultantly, the less mobile NO3- anions that will compete with the TFSI- will 
lower the overall conduction. While it is not exactly clear how the two anions 
will complex with the PEO and Li+, the EO-LiNO3 4.5:1 complex has been 
demonstrated to have a low RT conductivity of 8 x 10-10 S/cm.381 
Next, more membranes were assembled in Li|PEM|Li non-blocking cells. 
The cells were aged at room temperature for 1 day to allow for a SEI layer to 
begin forming before testing. The membranes were heated and measured in the 
same way as before, shown in Figure 8.20b. There is a significant recovery in 
bulk electrolyte conductivity when the PEMs were assembled in Li symmetric 
cells; the new reductions were 42%, 29%, -30% and 11% for iPEM•i35, and 
hPEM•H35, R35 and T35, respectively. This is the first evidence that the 
additives preferentially assembled into a thin film at the Li metal contact. Except 
for hPEM•R35, where the conductivity actually increased, there is not a complete 
conductivity recovery after SEI formation, suggesting that there is not a full 
additive depletion in the bulk PEM domain. Due to the complexity of the system, 
it is difficult to quantify the remaining material left in the bulk. The second 
evidence that the additives preferentially diffused to the Li metal contact is the 
SEI resistance, shown in Figure 8.20c. It takes about an hour to collect the data at 
85°C and 95°C; comparably, the SEI resistance at 90°C without additives is 
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typically 100-200 Ω after an hour. Not only is the SEI resistance decreased at 
elevated temperatures, but at RT, the SEI resistance is decreased from 7-12 kΩ to 
1-4 kΩ with the addition of 4EC 2LiNO3. Notably at 55°C, the SEI is well below 
1000 Ω, allowing for operation at lower temperatures with the modified SEI 
composition. This also is conveniently around or below the Tg for the hPEMs, 
which will allow for better mechanical properties than at 90°C, which is well 
above the Tg. 
The other additives were tested with hPEM•H35, and shown in Figure 
8.21a. 4EC and 4EC 2Br exhibited very high conductivity reductions of 90% and 
77%, respectively, when in the blocking electrodes, with moderate recoveries of 
conductivity to reductions of 54% and 31% with the Li metal electrodes. This 
means there is a thermodynamic limiting factor in SEI formation, where either 
the additives prefer to stay mixed in the bulk electrolyte rather than passivate the 
Li metal contact, or these additives are not significantly more stabilizing to the Li 
metal, and some of the SEI is quickly formed with the local TFSI- and PEO. It is 
also possible that the SEI layer thicknesses are inherently thinner with these two 
sets of additives, resulting in excess material in the bulk. Tuning the loadings of 
these additives could remedy the lack of recovery, but it was not investigated 
here. 2NO3, 4EC 2F and ALL experienced conductivity reductions of 53%, 88%, 
and 69% in the SS blocking electrodes, and effectively full recoveries to 
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reductions of -14%, -3%, and 10% in the Li metal electrodes. This further 
indicates that the SEI composition is preferentially composed of the additives, 
and the additive loading is near optimal. 
 
Figure 8.21 - Conductivity vs. temperature of pure electrolyte and 
hPEM•H35 with no additives, and PEMs with various additives 
measured with SS blocking electrodes and Li metal electrodes(a), and 
SEI resistance from Li electrodes versus temperature (b).  
The SEI resistances are shown in Figure 8.21b, with 4EC 2NO3 added for 
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comparison. Similarly to the 4EC 2NO3, these additives reduced the SEI 
resistances at all temperatures. Notably, the SEI resistances are well under 1000 
Ω at 55°C for all additives, allowing for these PEMs to be tested at lower 
temperatures as well. 
8.4.1  Stability versus potential and time 
 The electrochemical window was examined to confirm the membranes 
were stable at large potential, and to compare how the different SEI compositions 
modified the stability. Cyclic voltammetry with electrolyte imbibed Celgard 
imbibed and hPEM•H35 with each of the electrolytes are shown in Figure 8.22. 
Starting with the Celgard samples, the 4EC additive was not stable, suggesting 
there was electrochemical reduction of the EC. Generally there is a slight change 
in slope around 3.5 – 4.1 V for each of these samples, corresponding to the onset 
of TFSI- reduction, and thus the anodic.86 The virgin PEG-LiTFSI anodic stability 
was about 3.6 V. The addition of 2NO3 and 4EC 2F did not noticeably change the 
stability window. 4EC 2NO3, 4EC 2BR and ALL did improve the stability up to 
3.7, 3.9 and 4.1 V, respectively. However, the Celgard samples with 2NO3, 4EC 
2NO3 and 4EC 2F exhibited a much less gradual slope change at the onset of 
TFSI- degradation, suggesting the degradation kinetics are much slower. The 
large slope downturn is associated with the PEG degradation. Depending on the 
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SEI formation during lower polarization values, it may be reasonable to expect 
anodic stabilities at these values of 4.5, 4.5 and 4.7 V for the 2NO3, 4EC 2NO3 
and 4EC 2F additives. 
 
Figure 8.22 - CV scans of Celgard with LiTFSI-PEG and hPEM•H35 at 
55°C with various additives. 
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 When the electrolyte is incorporated in the HP formulation, there is a 
significant stabilization effect on both the LiTFSI and the PEG. The TFSI- 
 stabilities are: virgin PEG-LiTFSI, 3.7 V; 4EC, 4.5 V; 2NO3, 4.0 V; 4EC 2NO3, 4.5 
V; 4EC 2F, 3.8 V; 4EC 2BR, 4.5V; ALL 3.6 V. The PEG exhibits very high anodic 
stabilities of 4.9-5.1 V for all of the different additives. 
 Next, the SEI formation and stability over time was observed. Each of the 
four PEM geometries were assembled in Li symmetric cells, and placed in Mylar 
pouches in an oil bath temperature controlled at 55°C.  Each of these samples 
was measured over the span of 3 weeks, since the polarization experiments are 
expected to last well within this timeframe. The 4EC 2NO3 cells were monitored 
for 6 weeks, since they were intended to also be cycled, which could last for 
much longer time periods. The raw data is shown in Section A.4. For more clear 
trend observations, the bulk electrolyte and SEI resistances were converted to 
conductivity and SEI resistance ratio, normalized by the minimum SEI value 
seen over the lifespan of the respective cell. This data is shown in Figure 8.23 to 
Figure 8.26. Starting with iPEM•i35 and hPEM•H35 and T35 with 2NO3 in 
Figure 8.23, the SEI takes roughly 4 days to mature such that the SEI resistance is 
at a minimum. However, in contrast to the additive-free PEMs, the initial SEI is 
not significantly more resistive, and thus long, multiple day, pre-aging times 
should not be required before practical use. The SEI is stable up until about 10-16 
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days, at which point the SEI resistance begins to diverge upwards. After 21 days, 
the SEI resistance is increased considerably, especially for the hPEM•H35 and 
T35 membranes. Interestingly, during the initial 4-day SEI formation, the bulk 
electrolyte conductivity slightly increases, corresponding to the depletion of 
additives to the SEI film. As observed in other previous tests, hPEM•R35 is 
generally not as stable as the other three PEMs. It appears as though the SEI takes 
nearly double the time to begin forming, which could be a result of the lamellar 
nanostructure orthogonal to the SEI formation diffusion direction, slowing 
material flow to the Li metal interface. 
 
Figure 8.23 – SEI stability versus time PEMs with 2 wt% LiNO3. 
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Figure 8.24 –SEI stability versus time for PEMs with 4 wt% EC (a), and 4 
wt% EC and 2 wt% LiF. 
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 Next, 4EC and 4EC 2F are shown in Figure 8.24. Both of these systems 
exhibit very similar behavior. The SEI is readily formed within a few hours after 
cell assembly with a relatively low resistance. Thereafter, all four PEM 
geometries exhibit a slight increase in SEI resistance over the span of four days, 
although overall the resistance magnitude is still well under 1 kΩ at this point. It 
should be noted that the iPEM•i35 and hPEM•T35 begin with very low SEI 
resistances, offsetting the first few subsequent data points, but the overall 
resistance is still comparable to the other two PEMs. For the 4EC additive, 
between about four and fifteen days, the SEI resistance roughly doubles, but then 
seemingly stabilizes at this higher value. For 4EC 2F, hPEM•T35 and H35 PEMs 
also experience this doubling resistance during the same timeframe, but the 
iPEM•i35 and hPEM•R35 continue to rise beyond the point the cells were 
monitored. For all of these cells, the bulk electrolyte resistance continually 
dropped slowly over the course of the three weeks. Combining this trend with 
both the 2NO3 stability data, and the two sets of EIS temperature scans with SS 
and Li electrodes, the SEI formation can be better understood. As the PEM is in 
contact with the Li metal, an initial SEI film is formed quite rapidly over the span 
of less than an hour that preferentially uses additive materials, which results in a 
relatively stable, highly conductive SEI film. Depending on the additive material 
reservoir, and the initial passivating capability, the additives continue to plate 
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the Li metal, thickening the SEI film. At some point, the mixing of the additives 
becomes favored over phase separating into thickening the SEI film. After this 
point, the SEI continues to thicken, but a portion of TFSI is also used in the 
thickening process. This results in lowered bulk electrolyte conductivity, and 
higher SEI resistance values. Eventually, in some of the PEMs, the SEI becomes 
stable and seems to stop thickening, which is observed at about 15 days after the 
SEI resistance is minimized for most of the 4EC and 4EC 2F membranes. 
However, in some cases, the SEI continues to thicken using non-additive 
materials, as seen within the monitoring time of the 2NO3 additive PEMs. 
 4EC 2NO3 membranes were monitored over the span of 6 weeks, shown 
in Figure 8.25. hPEM•R35 seemingly experienced the same mechanical 
instabilities, as both the SEI steadily increased and bulk electrolyte decreased 
over the course of the 6 weeks. However, after a slight increase to the SEI during 
the first day, the iPEM•i35 and hPEM•T35 and H35 all experienced very stable 
SEI resistances and bulk conductivities up through the 33 day testing mark. 
Thereafter, the electrolyte conductivity begins to drop, and SEI resistance go up, 
indicating at this point in time the TFSI- is likely participating in the SEI 
thickening process. Due to this longer onset time, the SEI thickening process 
must be much slower with the addition of EC and LiNO3. than the other 
additives used. 
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Figure 8.25 - SEI stability versus time for Celgard with PEG-LiTFSI and 
PEMs and 4 wt% ethylene carbonate and 2 wt% LiNO 3 additives. 
 Lastly, 4EC 2Br and ALL are shown in Figure 8.26. These PEMs show very 
similar trends as 4EC and 2NO3. A thin SEI is quickly formed over the span of 1 
hour, and is relatively stable for four days. Thereafter, the SEI begins thickening 
using the TFSI-, which slowly reduces the conductivity and increases the SEI 
resistance over the remaining time. 
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Figure 8.26 – SEI stability versus time for PEMs with 4 wt% EC and 2 
wt% LiBr (a), and 4 wt% EC, 1 wt% LiNO3, 0.5 wt% LiF, and 0.5 wt% 
LiBr, denoted by “ALL” (b). 
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 Overall, the anodic stability is well within our testing range for the Li 
symmetric cells. The additives either exhibit no significant effect or increase the 
electrochemical stability window. The Li symmetric cells with the PEMs are 
generally stable through about 4 days. Thereafter, the SEI resistance and 
electrolyte conductivity slightly diverge; however, the values after 10-14 days are 
still within the acceptable range. The first exception is the 4EC 2NO3 additive, 
which seems to be stable up to 33 days. The second exception are the hPEM•R35; 
many of these membranes experienced an increase to the SEI resistance beyond 
acceptable values after 4 days.  
8.4.2  Ethylene Carbonate and Li Nitrate’s Effect on tg 
 The cells with the 4EC 2NO3 additive were galvanostatically cycled at 
0.10, 0.17, 0.30 and 0.50 mA/cm2 at 55°C with each PEM nanostructure to 
determine the effect on Li dendrite growth, shown in Figure 8.27. With all of the 
samples except hPEM•H35, T35, and iPEM•i35 at the lowest current density of 
0.10 mA/cm2, and hPEM•H35 at 0.17 mA/cm2, sand time appears to happen 
almost immediately in all of the cells, evidenced by the non-stable potential. 
However, with the 4EC 2NO3 additive, the potential spike seen at 90°C with the 
additive-free PEMs has been effectively squelched. This means that either the 
additives have allowed for a much thinner SEI layer to form, or the 
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compositional change of the SEI with the incorporation of additives have 
increased the Li+ diffusion length. 
 
Figure 8.27 - Polarization of 23 micron films with 4 wt% EC and 2 wt% 
LiNO3 under various current densities in mA/cm2. 
 The summary of the cell lifetimes are shown in Figure 8.28, along with the 
calculated sand time, τ, and tSC according to the Chazalviel model. The tSC 
decreases as current is increased, and all of the geometries tend to follow a 
similar trend. For the higher current densities, τ is very close to the prediction. 
For J = 0.30 and 0.50 mA/cm2, the predicted τ is less than 2.5 hours and 50 
minutes, respectively, for all of the PEMs. When the sand time is less than ~3 
227 
 
hours, it is not clear in the polarization curve when exactly it occurs. At the lower 
current densities, except for hPEM•R, where the prediction is still quite low also, 
the membranes deviate from the sand time prediction. 
 
Figure 8.28 - Graph of polarization current density versus time to failure 
of 20 μm PEMs with 4 and 2 wt% of EC and LiNO3, respectively. 
Measured sand times, τ, for J=0.10mA/cm2 are shown in hollow symbols. 
Thick dashed lines and thin solid lines are calculated τ and tSC values, 
respectively. 
 The observed sand time is 43.8 and 7.7 times better for hPEM•H35 and 
18.0 and 5.0 times better for iPEM•i35 at J = 0.10 and 0.17 mA/cm2, respectively. 
For hPEM•T35, the observed is 13.8 times better than the prediction at J = 0.10 
mA/cm2. Despite behaving better than the prediction at lower current densities, 
at higher current densities, the sand time still occurs quite early. The main cause 
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of these poor sand times is due to the relatively low conductivity in these PEMs; 
even at 55°C, the conductivity is around 10-4 S/cm, which is around the estimated 
minimum conductivity for functional current densities. 
 What is most interesting in these systems, however, are the grossly 
underestimated tSC values. To compare this trend, the tSC improvement factor 
(tSCIF, which is tSC,Measured/tSC,Predicted, or can also be considered a Li dendritic 
nucleation and growth resistance factor, is plotted versus the current density, 
shown in Figure 8.29. iPEM•i and hPEM•T exhibit TSCIF values of ~20-30, while 
hPEM•H and R show values of ~100-200. The τ and tg equations do not account 
for the nanostructure or mechanical property enhancement factors. The 
enhanced mechanical properties should make it more difficult for the Li surface 
to roughen during deposition, delaying the onset of critical roughening for a 
dendrite nucleation. Additionally, once a dendrite is nucleated, the tough 
separator should impede the Li dendritic growth. For the case of hPEM•H and T, 
where the mechanical structure does not participate significantly with ion 
conduction, but offers a clear pathway for the ions to navigate through the 
electrolyte, the local current density in the electrolyte should be proportionally 
larger based on its volume fraction. In the case of hPEM•H and T, this is likely 2-
3x that of the set current density, thus the effective J is much higher than the 
calculations account for. For iPEM•i, there is a generous mechanical property 
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enhancement over traditional PEO separators, and especially over highly swelled 
liquid separators. This mechanical enhancement can reasonably explain the 
enhancement to the cell’s life time. For hPEM•T, there is a tradeoff between the 
enhanced mechanical properties, nanostructure geometry, and the increased 
local current density, resulting in a similar enhancement compared to iPEM•i. 
The hPEM•H, however, has the highest mechanical improvement, as well as a 
2D-confined electrolyte channel. It is probable that the Li dendrite shape during 
growth will be different with this 2D confinement, versus a 1D confinement for 
hPEM•T, or even iPEM•i. Despite having an increased local current density, the 
nanostructure and mechanical improvement greatly benefits the system. Lastly, 
hPEM•R’s nanostructure is functioning quite differently; instead of increasing 
the local current density, it is mechanically blocking the Li dendrite growth. 
Despite having a low predicted value, largely due to its σ being much lower than 
the other geometries (see Table 11.2), its TSCIF is nearly as high as hPEM•H. This 
suggests that the mechanical blocking effect may be a viable approach to 
increasing cell lifetime if the conductivity is increased, by changing the PEG 
electrolyte with an EC-DEC mixture, for instance. 
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Figure 8.29 – Current density versus tSC,Measured/tSC,Predicted. 
 A summary graph that compares the tSC values of this work with 
competitive systems is shown in Figure 8.30. This work’s PEMs are far 
outperform gels and virgin PEO systems at both room and elevated 
temperatures, due to the better mechanical properties and ionic conductivity of 
the former and latter, respectively. Recently, the crosslinked PE-PEO with PEG 
plasticizer reported exhibits superior tSC values than this work; however, this 
data was performed at 90°C. Although the mechanical properties were not 
reported, it is expected they will not significantly change from higher to lower 
temperatures due to the crosslinking dominating this property, but if the system 
is cooled, the conductivity decreases by a factor of ~50. If the Chazalviez’s model 
holds, then this would bring this PE-PEO system down below this works’ by 
over an order of magnitude. This work is similar to the system doped with IL, 
which is surprising, since the Li+t should go down with the diluted Li+; 
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nevertheless, either the improved conductivity, or perhaps the IL acting as an SEI 
stabilizing additive, offers impressive polarization characteristics. The only work 
to date we are aware of is Choudhury et. al’s SiO2-PEO crosslinked hairy 
nanoparticles, which exhibit approximately 2-fold enhancement over the 
hPEM•H35 with 4EC 2NO3, and is cycled at ~20°C lower. This system used a 
combination of LiNO3 and vinylene carbonate, and the authors unfortunately did 
not synthesize an additive-free PEM as a baseline to decouple the crosslinked 
structure’s effect to the additive’s effect. Thus, it is not clear if the improved 
performance is offered by the additives or the exotic, yet facile, hairy 
nanoparticle PEMs. 
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Figure 8.30 - Polarization tSC times versus current density for this work, SiO 2 NP tethered IM-TFSI or PP-
TFSI in propylene carbonate,136 crosslinked PE-PEO with 250 Mw PEG plasticizer,100 30k Mw PEO,190 PEO-
LiTFSI mixed with PP13-TFSI,382 PEO with acidic and neutral SiO2 NPs,114 PEO-LiTFSI with PP13-TFSI and 
SiO2 NPs,383 PEO-LiTFSI virgin, blended and bilayered with PVdF-HFP,384 and hairy PEO-crosslinked SiO2 
NPs.224 
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8.4.3  Cycling with 4EC 2NO3 
 
Figure 8.31 - Li symmetric cell cycling performance of PEMs at 55°C 
with a current density of 0.30 and 0.50 mA/cm2. Green arrows indicate 
shorting time 
 Li symmetric cells were galvanostatically cycled at 55°C with 3 hour half 
cycles. Prior to cycling, the cells were precycled four times each at J = 
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0.01mA/cm2 and 0.05 mA/cm2. The cycling profiles are shown in Figure 8.31. All 
of these cells exhibited an early onset of Li dendrite growth, evidenced by an 
unstable cycling voltage. In particular, hPEM•R35 at J= 0.3 mA/cm2 failed after 
13.5 cycles, resulting in a low Cd of 87.2 C/cm2. This nanostructure is expected to 
fail first, since the polarization data is the worst across the board. iPEM•i35, 
hPEM•H35 and T35 had moderate Cds of 970.5, 563.3, and 468.3 C/cm2. It was 
unexpected that the iPEM•i35 exhibited the best cycling performance, since 
hPEM•H35 performed the best under polarization conditions. The iPEM•i35 
sample showed the most stable potential profile early on in the test, indicating 
that the polarized ion concentration profile was most stable in this sample, 
compared to the other cells at the same current density. Two iPEM•i35 cells, two 
hPEM•H35, and one each of hPEM•R35 and T35 were cycled at J = 0.5 A/cm2. All 
of these cells except for hPEM•H35 shorted before the end of two cycles (not 
shown). The two hPEM•H35 cells that did not immediately fail are shown in 
Figure 8.31. The Cd for these cells were 113.6 and 382.1 C/cm2. This magnitude of 
error is not uncommon for this type of test; however, due to time and equipment 
constraints, more cells and at lower current densities could not be run. However, 
this general cycling behavior at J = 0.50 mA/cm2 is more in agreement with the 
polarization observations, in that the hPEM•H35 nanostructure performed the 
best. Since the sand time is quite early on for all of these samples, the onset of 
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dendritic growth is likely earlier than the end of the 3 hour half cycle time. This 
was the biggest challenge for these PEMs. However, according to the Chazalviel 
model, these PEMs should have shorted all of the cells tested within the first few 
cycles, since the predicted tg is so low. 
 A summary and comparison plot to SEO BCPs is shown in Figure 8.32. 
These BCPs were cycled at lower current densities, and at 90°C. Interestingly, all 
of these PEMs except hPEM•R35 outperformed the virgin SEO system, at higher 
current densities and at a significantly lower temperature. The SEO system when 
doped with TiO2 shows a great performance boost; however, it is well known 
there is a near linear trend with Cd versus current density, and the best SEO-TiO2 
membrane may be comparable in performance. The high modulus and 
nanostructuring in these PEMs enabled dozens of cycles after Li dendritic 
nucleation, which is quite impressive. There remains a large gap in literature 
between real life operating temperatures, and lab-scale conditions; to take a large 
step towards covering this gap, addition of additives enabled cycling at near 
room temperature operations. In order to improve this system, there a few 
approaches, such as switching the PEG with a liquid electrolyte solvent, or 
changing the additives to form thinner SEI with a higher Li+ diffusion. 
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Figure 8.32 - Graph comparing Cd and current density with BCPs. 
8.4.3  Other Additives 
 To confirm the general effect that 4EC 2NO3 has on the SEI, and to see if 
any of the other additives offer superior improvement, the remaining additives 
were polarized at 0.30 mA/cm2 with each PEM nanostructure. The polarization 
curves and summary for all of the additives’ tSC are shown in Figure 8.33. For all 
of the additives, τ occurred almost immediately, resulting in a divergence of the 
potential. hPEM•H35 exhibited the best polarization performances across the 
board, and hPEM•R35 performed the worst, which are the same observations 
with 4EC 2NO3. Interestingly, hPEM•R35 and iPEM•i35 were the only samples 
that exhibited a reducing potential versus time. LiNO3 is a commonly used 
reductive additive, and the only reductive-type additive trialed here; the 
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mechanically-induced resin contact in the hPEM•T35 and H35 may be 
prohibiting the NO3 from forming an even coated SEI film on the Li metal. The 
EC may also be reducing the effectiveness of the incorporation of NO3 in the SEI 
layer, since none of the 4EC 2NO3 cells saw this effect, either. LiBr did not 
appear to be a good additive to this system, despite being reported as showing 
improvements for liquid electrolytes.36 Multiple hPEM•R35 and iPEM•i35 cells 
were attempted for polarization, but all had an instantaneous sand time during 
galvanostatic polarization that resulted in >5 V potential. Interestingly, the 
hPEM•H35 and T35 did not exhibit this behavior; it is not clear how the resin 
interacts with the LiBr morphological modifying additive. XPS could be used to 
better explain this unique behavior. Despite having a lower initial SEI resistance 
and better bulk conductivity recovery from SS to Li electrodes, the 4EC 2F 
exhibited nearly identical polarization tSC. In contrast, the ALL samples also had 
better initial properties, and the hPEM•H35, T35 and iPEM•i35 cycled 211, 170 
and 370% better than their 4EC 2NO3 counterparts. This suggests there may be 
interplay of the LiF, LiNO3 and TFSI- decomposition and complexing in the SEI 
that leads to better mechanical stability with higher Li+ diffusions. Unfortunately, 
despite the higher polarization behavior from the ALL samples, they may not 
exhibit greatly superior cycling over the 4EC 2NO3 membranes, since the sand 
time also occurs very early. 
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Figure 8.33 – Cell lifetimes from galvanostatic polarization at a 0.3 
mA/cm2 current density for various additives with each of the PEM 
structures. 
8.5  Conclusions 
 Thicker ~100 µm membranes exhibit a potential spike during 
galvanostatic polarization. To explain this, Chazalviel’s model was applied, and 
is generally within a few hours of the prediction of sand time. Two approaches 
were initially used to reduce the potential spike: coating iPEM•i60 on each side 
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of the PEMs based on empirical evidence from the first sample set; and reducing 
the membrane thickness, to both reduce the available material for SEI formation 
and thus the SEI thickness, and to increase the critical current density, J*, 
according to Equation 8.4. While both improved the PEMs’ performances, the 
latter both had better improvements, and maintained the 1-step synthesis 
simplicity. 
 Additives were explored to modify the material composition of the SEI to 
help stabilize the SEI film and increase its Li+ diffusion. Due to the much lower 
SEI resistances, these PEMs were tested at 55°C. The mechanical properties and 
nanostructuring of the PEMs were shown to play an integral role on the Li 
dendrite growth rate. hPEM•H35, which has the best resin nanomechanics and 
2D ion transport confinement, was demonstrated as the best PEM nanostructure 
tested for all additives. Unfortunately, the relatively low bulk electrolyte 
conductivities, the sand time values were still quite low, resulting in nearly 
immediate Li dendritic growth at higher current densities. This effect plagued 
the cycling experiments; however, despite this effect, the cells exhibited decent 
Cd values of 460-980 C/cm2 at a current density of 0.30 mA/cm2. To improve this 
performance, it is recommended the 500 Mw PEO be replaced with a more 
conductive medium, such as tetraethylene glycol or a liquid ethylene carbonate-
propylene carbonate mixture, to gain the best combination of conductivity and 
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mechanical properties. 
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Chapter 9  Scaling up the Holographic Polymerization 
Manufacturing Using Roll-to-Roll Processing 
9.1  Construction 
 The biggest feedback challenge for this HP system was its viability for 
scale-up. In competitive systems like BCPs, scale-up has been done on various 
systems in other industries, whose process operations could be mirrored. Thus, 
we wanted to show proof of concept for scalability. A custom low-budget roll-to-
roll (R2R) setup was constructed on the laser’s air bed, shown in Figure 9.1. The 
front and end rollers are powered by a d.c. motor with a worm drive on the shaft 
to act as a brake. Two smaller rollers were used to run a 4” wide sheet 
perpendicular to the beam path of the laser. As the 1” end rollers were spun 
transporting the sheet substrate, Δdiameter between the two rollers change. To 
compensate for this and to introduce tension, a 5th roller was added that was 
levered taut by an extension spring. A mount was fabricated to affix a Gardco 
Teflon coated 4” digital doctor’s blade with a 1 μm resolution onto the top left 
stationary smaller roller. The prepolymer syrup was applied to the substrate, and 
the d.c. motor spun the rolls in a semi-continuous process. The laser would 
expose the prepolymer slurry in 60s pulses, with a ~10s break in between as the 
rolls would adjust to the next position. Both 110 μm PET and 48 μm vinyl 
material were separately used as the rolling substrate. 
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Figure 9.1 - Photo of roll to roll equipment custom fit to our Coherent 
Ion 308C laser. Shaded purple areas indicate beam path. Inset shows 
zoomed-in photo of underneath roll to roll equipment, highlighting 
both the roller setup and the final portion of the beam path.  
9.2  Thickness and Morphological Control 
The thickness and morphology of the prepolymer slurry must be well 
controlled by the doctor’s blade for both optical optimization and good ionic 
contact between the PEM and Li metal electrodes. This control on the PET 
substrate is shown in Figure 9.2. The holograms patterned using the R2R setup 
were extracted and measured using a film micrometer with a 1 µm resolution. 
The thickness is inherently affected by the surface energies, or wetting 
properties, between the prepolymer syrup to the substrate and doctor’s blade, as 
observed by the lack of consistent film when the doctor’s blade is adjusted to a 50 
μm height or lower. However, the thickness can be well-controlled even at very 
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small values of ~ 10 μm with the doctor’s blade.  
 
Figure 9.2 - Thickness control of hPEM using a doctor's blade to spread 
prepolymer syrup on substrate. 
 
Figure 9.3 - Photograph of hPEM•H35 using the traditional glass slide 
setup used in Chapters 5-8 (top), and a piece of PET substrate cut from 
the roll to roll setup. 
For further proof of concept, a side-by side image of a hPEM•H35 
fabricated in a glass sandwich that was rigorously characterized in Chapters 5-8 
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with a sample made from a prepolymer slurry on a PET substrate using the R2R 
equipment is shown in Figure 9.3. Due to slight curvature in the thin, flexible 
PET substrate, the Bragg condition varies by a few degrees, as evident when the 
sample is tilted, indicating that the structure deviates from parallel across the 
sample. This is probably due to our roller setup being hand aligned and not 
perfectly taut with high pressures. However, the identical intensity in color 
between the two samples in a very large area demonstrates that the intended 
structure is present, and the HP-induced phase separation is similar. 
9.3  Conductivity 
To further prove that the phase separation is similar, conductivity 
measurements were performed on hPEM•H30 for PET and vinyl, and H35 for 
PET. These measurements are plotted alongside their corresponding glass slide 
sandwich data, shown in Figure 9.4. At 35°C, there is no distinguishable 
variation in conductivity between the different substrates used. Additionally, 
this conductivity is also demonstrative of a low surface roughness induced by 
the doctor’s blade. If the membrane was rough, then the electrode contact would 
be poor, increasing the overall resistance of the measurements. Once extracted, 
the membranes were no more difficult to handle and prepare for EIS 
measurements than their glass substrate counterparts. 
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Figure 9.4 - Conductivity of hPEM•H on glass versus PET and vinyl 
substrates at 35°C. 
9.4  Conclusions 
 Here a small-scale semi-continuous R2R setup was constructed to outfit 
the UV laser. High resolution thickness control is demonstrated with slurries as 
thin as 10 μm, with good topological roughness control provided by the doctor’s 
blade. The hologram structure is demonstrated via EIS and visual inspection to 
be similar to that of its glass counterpart. Larger sample sizes could easily be 
made by simply increasing the optical prisms and using a wider roller setup. 
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Chapter 10  Conclusions and Outlooks 
10.1  Major Findings 
 There remains to be found a comprehensive model for Li Metal dendritic 
nucleation and propagation failure that fits all experimentally observed systems. 
There are two models that can reasonably explain Li dendritic behavior in 
literature: the PEM modulus effect on the surface tension of Li during 
electrodeposition; and the ion concentration gradient during polarization giving 
rise to a local space charge that induces Li dendrite nucleation. However, 
experimental observations for a specific PEM system typically do not fit both 
models. For the first model, the general approaches focus on decoupling the ionic 
conductivity and mechanical properties. For the second model, PEMs with high 
Li transference numbers, or additives to modify the SEI are sought to delay the Li 
dendrite nucleation. 
 The major findings of this dissertation are: 
 We demonstrate using holographic polymerization induced phase 
separation as a facile top-down technique to nanostructure the PEM with 
long-range order and high phase separations. 
 Both the bulk- and nano- mechanical properties of the hPEMs are all 
higher than their iPEM counterparts. 
 Ionic conductivity anisotropies as high as 30k are observed. This feature is 
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uniquely offered by the long-range ordered phase separated electrolyte-
rich and resin-rich layers in this system. 
 The Li transference numbers are greatly increased with the addition of the 
photoresin. The highest Li transference numbers are with iPEM•i, where 
the system is most mixed. As the phase separation is increased in the 
hPEMs, and the Li transference numbers decrease, though they are still 
higher than the pure electrolyte. 
 The mechanical and ion transport properties for twenty different systems 
are mapped to compare this work to what has been published in literature 
over the last fifteen years. This system demonstrates the highest 
mechanical properties, while still maintaining ionic conductivities near the 
predicted minimum value. 
 The SEI formation at elevated temperatures for the virgin material system 
was relatively unstable. Pre-aging the cells served as a temporary remedy 
to this instability. 
 The resin itself acted as a salt-stabilizing additive. The anodic stability 
increased from 3.5 V to 4.3 V at 90°C with the incorporation of the 
crosslinked photoresin. 
 The thickness effect on the virgin material system was in good agreement 
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with the Chazalviel model, where decreasing the membrane thickness, 
and thus electrode separation distance, reduced the critical current 
density, J*, which allowed for more stable polarization behaviors. 
Additionally, the reduction to membrane thickness decreased the SEI film 
thickness. This also led to correspondingly more stable potential profiles 
during polarization. 
 Using additives can greatly increase both the anodic stability window and 
the Li+ diffusion in the SEI, by preferential incorporation of the film during 
SEI formation. In particular, using 1.4 wt% EC and 0.5 wt% LiNO3 
demonstrated stable SEI film formations for time periods greater than 
1000 hours. Due to the increased Li+ diffusion provided by the modified 
SEI, cells were able to be tested at 55°C. 
 The Chazalviel generally was a good fit for the prediction of sand times in 
these systems; however, the tg, and thus tSC times, were grossly 
underestimated. It was observed that the ionic conduction anisotropy 
from the nanostructuring at the Li metal-PEM interface decreased the Li 
dendritic growth rate by limiting Li+ material supply from different 
directions, which showed greater improvements as the current density 
was decreased, associated with a transition from a “dense-branching” 
morphology to a fractal diffusion limited aggregation morphology. 
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10.2  Recommended Future Works 
 The original intent of this work was to serve as a platform to fabricate 
high quality solid polymer electrolytes. During the later work of this 
dissertation, it was determined that perhaps SPEs may not be necessary 
for solving the Li dendritic problem, but a hybridized liquid-solid system 
that offers adequate mechanical properties with high ionic conductivities 
may offer superior sand times. It is recommended that alternative 
electrolytes be explored, such as a EC-DEC mixture with LiTFSI, or other 
liquid solvents commonly found in Li-ion systems. Additionally, another 
additive type, such as a polymerizing additive like FEC, may be able to 
offer thinner SEI films and better stabilize the system. The unique long-
range order offered by HP should offer greater mechanical and ion 
diffusion control enhancements over traditionally used separators. 
 Prior to understanding the complex interactions between these PEMs and 
Li metal, the effects that TiO2 NPs were explored on the pure PEG-LiTFSI 
electrolyte and hPEMs with these doped electrolytes. It was found that 
there was a modest ~30% improvement to mechanical properties, and the 
overall conductivity slightly increased. It would be interesting to see what 
effects NPs have in the Li dendrite formation and growth kinetics. In 
addition, NP incorporation into the system adds another level of system 
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tuning knobs. For instance, the Janus NPs could be used with one side 
functionalized with a reactive chemistry to participate in grating 
formation, while the other side is doped with electrolytic ligands. This 
could control the NP location to be at the phase separation boundary 
between the two components, effectively acting both as a surfactant and a 
mechanical enhancement additive, as depicted in Figure 10.1. The 
electrolytic ligands do not merely need to be PEO, but could also be 
polymerized ionic liquids or other anion-containing chains to increase the 
Li transference of the system. 
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Figure 10.1 - Scheme of incorporating functionalized NPs into HP 
system. 
 This HP nanofabrication has the unexplored potential to be combined into 
a one step roll-to-roll manufacturing process. We have demonstrated that 
the nanostructure is still present when implementing the roll-to-roll 
process. Since the prepolymer syrup can function as both a binder and 
PEM, this would eliminate two binding steps traditionally used in battery 
manufacturing. To implement this, the laser would need to be outfitted 
such that the beam runs into a glovebox with a controlled atmosphere. 
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Figure 10.2 - Scheme of one step nanofabrication combining HP with 
roll-to-roll processing. 
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Chapter 11   Appendix 
 
 
A.1   Ellipsometry 
The optical properties of the materials were measured using a J.A. 
Woolam M-2000U variable angle spectroscopic ellipsometer. 250 – 1000 nm 
wavelength light was used at five angles from 65°-75° to create a well-defined 
sample set for the fitting software. The data was fit using Film Wizard 32 
software to extract the refractive index (n) and extinction coefficient (k) of the 
materials. A series of Lorentz-Drude oscillators with a fixed thickness measured 
via a micrometer were used to model the optical constants. 
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Figure 11.1 - Refractive index of Polymerized resin (blue) and 
electrolyte (red) via ellipsometry. 
A.2  EIS Supplementary Data 
The following are the temperature scans for iPEM•i, ∥hPEM•R, ⊥hPEM•R, and 
⊥hPEM•H. The temperature scans shown here are for 15, 25, 35 and 45 wt% 
electrolyte. 
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A.2.1  Isotropic 
 
Figure 11.2 – EIS temperature scans of iPEM•i15 (a-c) and i25 (d-f) 
showing the Bode (a,d), Phase (b,e) and Nyquist (c,f) plots. Inset of (c) 
shows plot zoomed into origin. 
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Figure 11.3 - EIS temperature scans of iPEM•i35 (a-c) and i45 (d-f) 
showing the Bode (a,d), Phase (b,e) and Nyquist (c,f) plots. 
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A.2.2  ⊥ Reflection 
 
Figure 11.4 - EIS temperature scans of ⊥hPEM•R15 (a-c) and R25 (d-f) 
showing the Bode (a,d), Phase (b,e) and Nyquist (c,f) plots. Inset of (c) 
shows plot zoomed into origin. 
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Figure 11.5 - EIS temperature scans of ⊥hPEM•R35 (a-c) and R45 (d-f) 
showing the Bode (a,d), Phase (b,e) and Nyquist (c,f) plots.  
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A.2.3  ∥ Reflection 
 
Figure 11.6 – EIS temperature scans of ∥hPEM•R15 (a-c) and R25 (d-f) 
showing the Bode (a,d), Phase (b,e) and Nyquist (c,f) plots.  
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Figure 11.7 - EIS temperature scans of ∥hPEM•R35 (a-c) and R45 (d-f) 
showing the Bode (a,d), Phase (b,e) and Nyquist (c,f) plots.  
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A.2.4  Hexagonal 
 
Figure 11.8 – EIS temperature scans of ⊥hPEM•H15 (a-c) and H25 (d-f) 
showing the Bode (a,d), Phase (b,e) and Nyquist (c,f) plots.  
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Figure 11.9 - EIS temperature scans of ⊥hPEM•H35 (a-c) and H45 (d-f) 
showing the Bode (a,d), Phase (b,e) and Nyquist (c,f) plots.  
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A.3   VTF Fits 
Table 11.1 - VTF Fitting Parameters. 
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A.4  SEI Stability versus time 
 
Figure 11.10 - EIS on Li symmetric coin cells with 4 wt% EC and 2 wt% 
LiNO3 additives in PEG-LiTFSI-Celgard (a) and PEMs from HP (b) over 
time, discussed in Section 8.2.1. 
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Figure 11.11 - EIS on Li symmetric coin cells with 4 wt% EC (a) and 2 
wt% LiNO3 (b) in PEMs from HP over time, discussed in Section 8.2.1.  
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Figure 11.12 - EIS on Li symmetric coin cells with 4 wt% EC and 2 wt% 
LiF (a) and 4 wt% EC and 2 wt% LiBr (b) in PEMs from HP over time, 
discussed in Section 8.2.1. 
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Figure 11.13 - EIS on Li symmetric coin cells with 4 wt% EC, 1 wt% 
LiNO3,  0.5 wt% LiF, and 0.5 wt% LiBr additives in PEMs from HP over 
time, discussed in Section 8.2.1. 
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A.5  Cell Lifetime Calculations 
Table 11.2 – Predicted short-circuit times and associated measurements for PEMs using the Chazalviel model.  
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 The ta values were taken from the Lithium transference number 
measurements, discussed in Section 7.3. C0 was calculated using the weight 
loadings and densities of the initial materials. The densities used were in g/mol: 
PEO – 1.05, LiTFSI – 1.334, TAEIC – 1.298, BAED – 1.146, PETMP – 1.28, LiNO3 – 
2.38. The conductivities were taken from the Li symmetric cell stability tests after 
48 hours for the additive-free samples, and after four days for PEMs with 4EC 
2NO3. The thickness used for the calculations was the average sample thickness 
for each type of sample. For instance, the calculated values for hPEM•H35 with 
no additives used the average thickness found in Figure 8.17. 
 
 
 
 
 
